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ABSTRACT

Simultaneous SAXS-WAXD measurements are carried out to gain information about the microstructure
and the molecular orientation developed by polymeric chains during the electrospinning process. Three
semicrystalline polymers were studied, namely polyacrylonitrile, Nylon 6,6, and poly(ethylene oxide), as
non-woven mats with either randomly arranged or aligned electrospun fibers. Mat thermal and
morphological properties are investigated, together with their structural details in order to derive their
hierarchical structure from the macro to the nano-scale. SAXS patterns have an elliptical shape with the
main axis along the equator direction. No reflections are noticeable along the meridional direction,
suggesting that the investigated electrospun fibers have a fibrillar structure with no trace of lamellar
morphology. Combining the values of the unit cell and of the crystal size it can be concluded that in the
fibers the ordered domains are organized into a bundle of fibrils due to the lateral aggregation of roughly
10 unit cells and the regular ordering of about either 50 (Nylon 6,6 and polyacrylonitrile) or 25 (poly(-

ethylene oxide)) cells in the chain direction.

1. Introduction

Electrostatic spinning has been recognized as a powerful tech-
nique for the production of ultrafine fibers (with diameters ranging
from a few hundreds of nanometers to tenths of micrometers) with
unique properties and many potential applications in diverse fields
[1,2]. Structural orientation and crystallinity in electrospun nano-
fibers are determined not only by the chemistry of the polymer and
the nature of the polymeric solution, but also by the processing
parameters governing the process. Indeed, it was demonstrated
that the particular feature of the electrospinning process, namely
the presence of strong elongation force, is responsible for the
strong diameter reduction within the jet that results in the for-
mation of an ultrafine fiber. This process has a great effect on the
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structural elements constituting the fibers, i.e. on the macromo-
lecular assemblies present inside the fibers, in particular on their
macromolecular orientation, chain conformation and crystal
structure [3,4]. In fact, it is well known that during the electro-
spinning process, characterized by high strain rates of the order of
10* s~ [5], segments of the macromolecules in the liquid phase
show different degree of alignment of their chains in the flow di-
rection, i.e. along the fiber axis, whilst rapid solvent evaporation
occurs. However, the effective persistence of chain orientation
within the final solid fibers depends on the balance between chain
relaxation time and the rate of solvent evaporation. Indeed, the
oriented chains can relax at the end of the stretching phase,
especially when the electrospun nanofibers, collected as a mat, still
contain a small amount of solvent. Polymer parameters such as the
molecular weight, architecture (linear or branched macromole-
cules) and chain flexibility strongly affect the chain relaxation time.

The general topic of molecular orientation in polymers induced
by mechanical drawing and other processing technologies has been
intensively studied by means of various techniques such as bire-
fringence, fluorescence polarization, diffraction, infrared dichroism
spectroscopy, NMR spectroscopy [6—8]. Referring in particular to
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electrospun fibers, commonly employed methods to investigate
their internal structural organization are polarized infrared spec-
troscopy (IR) [9—11] and diffraction techniques such as Wide Angle
X-ray diffraction (WAXD) [10,12—14], Small Angle X-ray scattering
(SAXS) [12—14] as well as simultaneous SAXS-WAXD techniques
[15]. Diffraction techniques, however, are usually applied to the
analysis of the crystalline phase of polymeric materials, whereas
they are of limited interest for fibers of amorphous or low crystalline
polymers. All these techniques require a relatively high amount of
fibrous material in order to obtain acceptable signal-to-noise ratios.
Moreover, in order to study the molecular orientation within the
fiber, the electrospun mat should display highly aligned fibers. Other
techniques, such as Atomic Force Microscopy (AFM) [16,17], and
Selected Area Electron Diffraction (SAED) [18—20] were also applied
to characterize molecular orientation and structural characteristics
of individual fibers. In particular, SAED was recently employed to
determine the molecular orientation and crystal morphology in
polyethylene fibers with different diameters and it was found that
thinner fibers possessed higher degree of orientation [ 19]. However,
the information provided by this technique remains restricted to the
crystal phase. Recently, confocal Raman spectroscopy applied to
single nanofibers was shown to offer many advantages since, beside
providing information about conformation and crystallinity at the
molecular level, it allows to distinguish between the molecular chain
orientation of the crystalline and amorphous phases [21,22].

Despite the great research effort invested up to date, the
investigation of the influence of the electrospinning processing
conditions on macromolecular orientation, chain conformation and
crystal structure still remains a research theme of great interest
within the scientific community, since better understanding of the
correlation between the structural characteristics and the electro-
spinning processing conditions will help to control the physical and
mechanical properties of the final products.

In this work we report the use of simultaneous SAXS/WAXD
measurements using synchrotron radiation to gain further
knowledge of the microstructure development occurring during
the electrospinning process. Three important examples of semi-
crystalline engineering thermoplastic polymers with different
chemical structure were chosen as model systems, namely, poly-
acrylonitrile (PAN), Nylon 6,6 (NYL) and poly(ethylene oxide)
(PEO). These polymers possess linear chains with different chain
flexibility: PEO is a highly crystalline polymer and it displays the
highest chain flexibility with a glass transition temperature, Tg,
around —50 °C, followed by NYL (Tg = 50 °C), that crystallizes
thanks to its regular chain structure with amide groups forming
intermolecular hydrogen bonds. PAN chains are the less flexible,
with a Ty around 100 °C, and they are characterized by the pres-
ence of nitrile groups that are able to generate polar interactions.
Despite being atactic, PAN displays a significant amount of crys-
tallinity due to the formation of crystals from mixed tacticity
chains, in which the isotactic sequences cocrystallize with syn-
diotactic units [23]. Non-woven mats with both randomly ar-
ranged and aligned electrospun fibers were fabricated, and mat
thermal and morphological properties were investigated, together
with their structural details that could be evaluated by taking
advantage of the high intensity of the synchrotron radiation X-ray
source (Diamond Light Source, UK).

2. Experimental part
2.1. Materials
Poly(ethylene oxide) (PEO, My ~ 1 x 10° g/mol) and Poly-

acrylonitrile (PAN, My, = 1.5 x 10° g/mol) were purchased from
Sigma—Aldrich. Nylon 6,6 (NYL, Zytel® E53 NCO010) was kindly

provided by DuPont. Dimethylformamide (DMF), Formic Acid (FA)
and Chloroform (CLF) were purchased from Sigma Aldrich and were
used without further purification.

2.2. Sample preparation

Electrospun meshes were produced by using an in-house elec-
trospinning apparatus composed of a high voltage power supply
(Spellman, SL 50 P 10/CE/230), a syringe pump (KD Scientific 200
series), a glass syringe, a stainless-steel blunt-ended needle (inner
diameter = 0.84 mm) connected with the power supply electrode,
and a grounded high-speed rotating collector (length = 12 cm,
diameter = 5 cm). The polymer solution was dispensed, through a
Teflon tube, to the needle that was vertically placed over the col-
lecting mandrel. Fibers were collected with a random arrangement
on the drum rotating at a speed of 5.2 m/s, whereas aligned fibers
were obtained by increasing the rotational speed to 16.2 m/s.
Electrospun meshes of PEO were obtained by dissolving the poly-
mer in MilliQ water at a concentration of 4% w/v and by using the
following  electrospinning conditions:  needle-to-collector
distance = 20 cm, applied voltage = 13 kV and flow rate = 0.3 ml/
h. PAN was dissolved in DMF at a concentration of 7.5% w/v and it
was electrospun by using needle-to-collector distance = 20 cm,
applied voltage = 19 kV and flow rate = 0.9 ml/h. NYL was dissolved
in CLF:FA = 50:50 (v/v) at a concentration of 14% w/v and it was
electrospun by using needle-to-collector distance = 10 cm, applied
voltage = 22 kV and flow rate = 0.3 ml/h. All electrospun meshes
were produced at room temperature (RT) and relative humidity in
the range 45—55%. Electrospun membranes were kept under vac-
uum at RT overnight to remove residual solvents.

2.3. Characterization methods

Fiber morphology was observed with a Philips 515 scanning
electron microscope (SEM) at an accelerating voltage of 15 kV. Prior
to SEM analysis, samples were sputter-coated with gold. Fiber
diameter distribution was evaluated by measuring 200 fiber di-
ameters with an image acquisition software (EDAX Genesis), and
results were reported as the mean =+ standard deviation (SD). The
relative degree of fiber alignment was measured by processing the
SEM images with Image] 2D fast Fourier transform (2D FFT) func-
tion and by applying an oval profile plug-in (designed by Bill
O'Connell), as previously described in detail by Ayres et al. [24]. In
brief, grayscale 8-bit images were cropped to 764 x 764 pixels and
processed using 2D FFT. The resulting FFT output image was rotated
90° to correct for the inherent rotation of the data induced by 2D
FFT analysis. The application of the oval profile plug-in enabled the
summing of pixel intensities along the radius for each angle of a
circular projection, which was previously placed on the FFT output
image by using the Image] circular marquee tool. The summed pixel
intensities were normalized to a baseline value of 0 and plotted as
the function of the corresponding angle in arbitrary units from 0° to
180°. The height of the resulting peak corresponds to the degree of
fiber alignment. Differential Scanning Calorimetry (DSC) mea-
surements were carried out using a TA Instruments Q100 DSC
equipped with the Liquid Nitrogen Cooling System accessory. DSC
scans of electrospun membranes were performed in helium at-
mosphere from —80 °C to 120 °C for PEO membranes, from —50 °C
to 300 °C for NYL membranes and from —30 °C to 410 °C for PAN
membranes at a heating scan rate of 20 °C/min. The crystallinity
degree, Y, was calculated by applying Equation (1):

AHpm
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where AHy, is the experimental endothermic heat of fusion of the
investigated sample and AH®, is the endothermic heat of fusion of
the 100% crystalline polymer (PEO AH%, = 196.6 J/g; NYL
AH®, = 255.4 ]/g [25]).

2.4. X-ray data collection

X-ray diffraction data were collected at the [12-JEEP beam line of
the Diamond Light Source (Didcot, Oxfordshire, UK) by using a
monochromatic beam of 53 KeV (A = 0.2330 A) with a spot size of
500 pm x 700 pm at the sample position. The sample was scanned
through the beam by a computer-controlled x-y translation table.
In order to avoid beam damage of the sample, new material was
presented to the beam at each exposure: typically 100 exposures
were collected for 2 s each in a linear scan with a 500 um step. The
diffraction patterns were collected using Pixium FE4343F detector
positioned 2030 mm downstream from the sample. A matrix of
2880 x 2881 pixels (149 pm x 149 pm/each) was recorded at each
exposure. Mesh samples were carefully folded 10 times to preserve
orientation and compacted by compressing in the direction
perpendicular to the sheet extension to increase the sample volume
illuminated by the radiation and to reduce the presence of micro-
voids between the fibers. Extreme care was used during folding
of aligned samples in order to prevent any increase in fiber
misalignment due to imperfect mesh layers overlapping.

2.5. X-ray data analysis

Data display, background subtraction, data summation and data
merging were carried out by the Fit2d routine [26]. The 100 pat-
terns from each sample were merged before analysis. Radial and
azimuthal scans were plotted by means of Fit2d. The crystallinity
degree () was calculated from the diffraction profiles by the ratio
between the crystalline diffraction area (Ac) and the total area of
the diffraction profile (A¢), xc = Ac/A. The crystalline diffraction
area was obtained from the total area of the diffraction profile by
subtracting the amorphous halo. The non-coherent scattering was
taken into consideration. The program Scatter [27] was employed
in the analysis of non-aligned samples data.

3. Results and discussion
3.1. Morphological properties

The three semicrystalline polymers investigated in this work, i.e.
PEO, PAN and NYL, were processed through electrospinning in or-
der to fabricate nonwoven fibrous mats with either randomly ar-
ranged or highly aligned fibers. Optimized processing conditions
for each polymer (reported in the experimental section) allowed to
obtain regular defect-free fibers with uniform diameters, as shown
by the SEM micrographs reported in Fig. 1A and B, Fig. 2A and B and
Fig. 3A and B for PEO, NYL and PAN, respectively. All electrospun
samples display fiber diameters in the sub-micrometric range, the
NYL fibers being the smallest ones whereas PAN fibers show the
biggest cross section (Table 1). The FFT frequency distributions
reported in the insets of Figs. 1B, 2B and 3B provide a measure of the
degree of fiber alignment. The height and overall shape of the peaks
centered at 90° demonstrate that fibers in the aligned mats display
a comparable degree of alignment. It is worth nothing that, for each
polymer, aligned fibers display lower diameters than the corre-
sponding random ones. The decrease of fiber diameter is probably
due to further stretching experienced by the fibers when drawn
onto the high velocity rotating drum, as previously found by other
authors [11].
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Fig. 1. SEM micrographs of PEO fibers, random (A) and aligned (B), bar = 2 pm; inset:
2D FFT frequency distribution of the corresponding SEM image. In (C) DSC scans of PEO
powder (top), PEO random (middle) and PEO aligned (bottom) fibers.

4. Thermal behavior

Fig. 1C displays the DSC curves of PEO samples in the form of
powder and electrospun mats. PEO samples are semicrystalline
materials with the melting temperature (Ty,) around 70 °C. Among
PEO samples, the pristine one shows the highest value of the
enthalpy of fusion, followed by the fibers of the aligned PEO mats,
and PEO fibers of the random mats (see Table 2). These data
demonstrate that electrospun samples possess a lower amount of
crystal phase with respect to the pristine material. Indeed, the
crystallinity degree () calculated by DSC data is 90% for the
pristine polymer and 78% and 74% for the aligned and random
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Fig. 2. SEM micrographs of NYL fibers, random (A) and aligned (B), bar = 2 um; inset:
2D FFT frequency distribution of the corresponding SEM image. In (C) DSC scans of NYL
grains (top), NYL random (middle) and NYL aligned (bottom) fibers.

fibers, respectively. A significant decrease in the crystal fraction or
even total inhibition of crystallization when electrospinning crys-
tallizable polymers has been previously reported [28—30], and it
was attributed to the fast solvent evaporation, occurring concur-
rently with crystallization, that limits the formation of crystal phase
and is expected to have a strong influence over the crystallization
kinetics [31—33]. Indeed, whereas the strong extensional forces
experienced by the macromolecular chains during the electro-
spinning process promote the formation of an oriented phase, the
fast solvent evaporation restricts chain mobility and, depending on
the crystallization kinetics of the polymer, may prevent the for-
mation of the regularly structured crystalline phase. For aligned
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Fig. 3. SEM micrographs of PAN fibers, random (A) and aligned (B), bar = 2 um; inset:
2D FFT frequency distribution of the corresponding SEM image. In (C) DSC scans of PAN
powder (top), PAN random (middle) and PAN aligned (bottom) fibers.

samples, however, it might be expected that the additional
stretching of the macromolecules being collected onto the high
velocity rotating drum, in parallel with the reduction of the fiber
diameter, facilitate polymer crystallization and the orientation of
the polymer chains in the direction of the fiber axis [10]. Our results
confirm this point, since the crystallinity degree of aligned PEO fi-
bers is higher compared to that of random fibers (y. = 78% vs
Ac = 74%).

Fig. 2C displays DSC curves of NYL samples. NYL is a semi-
crystalline polymer with a high Ty, (around 260 °C). The double-
peak melting endotherm can be associated with the melting and
recrystallization of crystals with different morphology and
perfection. The pristine sample shows a lower enthalpy of fusion



Table 1
Morphological and microstructural parameters.
Sample Fiber diam.? FWHM hkI® CS¢ H® TII' Bgf L
(nm) ) (nm) (°) (%) (°) (nm)
PEO random 290 + 30 0.10 120 134
0.22' 032 -
PEO aligned 240 + 50 0.10 120 134 60 67 06 54
0.21' 032 - 82 55
NYL random 170 + 30 0.28 100 4.8
0.32 010 42
NYL aligned 160 + 30 0.27 100 50 48 73 07 93
0.31 010 43 50 72
PAN random 420 + 50 0.28 010 4.8
PAN aligned 370 + 60 0.30 010 45 75 58 05 78

2 Fiber diameter distribution from SEM observations (+standard deviation).
Full Width at Half Maximum, from equatorial scan.
Miller indexes of crystallographic planes.
Crystal Size estimated by Scherrer equation.
Full Width at Half Maximum, from azimuthal scan taken as mean value of the
two equivalent equatorial reflections.
f parallelism degree, IT = 100 x (180 — H)/180.
¢ By = misorientation width, from SAXS data.
b L¢ = fibril length, from SAXS data.
! Due to several overlapped reflections (032, —132, —212), not suitable for C.S.
measurement.

b
c
d
e

compared to the random electrospun mats, while aligned fibers
display the highest value of AHy,, and thus the highest degree of
crystallinity (see Table 2). Contrary to the relationship that was
observed in the case of PEO samples, electrospinning of NYL in-
duces the formation of a higher amount of crystal phase compared
to the pristine material, as previously found by other authors [3].
The crystallinity degree calculated by DSC data is 26% for the
pristine polymer and 34% and 31% for the aligned and random fi-
bers, respectively. This behavior can be related to the chemical
structure of the NYL macromolecule, with amide groups forming
intermolecular hydrogen bonds that are a further driving force for
the orientation and crystallization during fiber processing. NYL
macromolecules experiencing strong elongational forces readily
adopt the conformation they possess within a crystal: the fully
extended planar conformation. As a consequence, the formation of
crystals is an ‘assisted process’ during the electrospinning process.
Again, the aligned fibers contain a higher amount of crystal phase
compared to the random ones (¢ = 34% vs ¢ = 31%).

The DSC heating scans of PAN samples are reported in Fig. 3C. A
strong exothermic peak in the temperature range 275—325 °C was
detected for all PAN samples. This peak has been associated to the
cyclization reaction undergone by PAN molecules to give conjugated
carbon—nitrogen sequences [34]. The exothermal heat (AHexo)
associated with this reaction increases in electrospun fibers with
respect to pristine PAN, and is higher in the case of aligned fibers
(pristine PAN: AHexo = 385 J/g; PAN random mat: AHexo = 392 J/g;
PAN aligned mat: AHexo = 401 ]J/g). Concomitantly, the peak tem-
perature decreases in electrospun samples, with the lower value
found in the case of PAN aligned fibers (pristine PAN: Tpeak = 314 °C;
PAN random: Tpeax = 309 °C; PAN aligned: Tpeak = 307 °C). The

increase of exothermal heat and the concomitant decrease of the
temperature associated to the cyclization reaction from pristine PAN
to PAN random and PAN aligned can be related to the increase of
macromolecular orientation in the different samples that leads to a
more efficient cyclization reaction. Similar results were found after
hot-stretching PAN electrospun fibers to increase polymer crystal-
linity [35,36] and by Gu et al. [37] when comparing DSC curves of
PAN in form of film and electrospun fibers.

Altogether, DSC results of the investigated samples demonstrate
that polymer chemistry has a great effect on the crystallization
behavior of the electrospun fibers. Both in the case of NYL and PAN
the electrospun samples show higher crystallinity than the corre-
sponding pristine material, while the opposite result was found for
PEO. These findings suggest that fiber drawing favors the increase of
the crystal phase thanks to the presence of intra- and intermolecular
interactions in the case of NYL and PAN, that in turns contribute to
locking the molecules in a packed conformation. In the case of PEO
the decrease of crystallinity from the pristine sample to the elec-
trospun fibers can be explained considering the high chain flexibility
(Tg = =50 °C) that determines the fast relaxation of the stretched
chains concomitant with the fast solvent evaporation. Moreover, for
the same polymeric material, it was found that the collection mode
of the fibers has an influence on the fiber diameter and on the
amount of the obtained crystal phase. The collection on the high
speed rotating drum determines an increase in the amount of crystal
phase in the aligned fibers with respect to the random ones, due to
the additional stretching undergone by the macromolecules
collected on the drum that concomitantly induces an increased
molecular orientation and the reduction of the fiber diameter.

4.1. Structural characterization

The combined WAXD and SAXS diffraction patterns of the
electrospun PEO, NYL and PAN samples are shown in Figs. 4—6. All
samples show several wide angle reflections above a background
hump that is usual for semicrystalline materials. A diffusion halo is
observed in the small angle region. The patterns of the aligned
samples display the same reflections as the corresponding random
ones, suggesting that the crystal phase formed is identical, irre-
spective of fiber alignment degree. The crystallinity degree of the
different samples were calculated from WAXD data and are re-
ported in Table 2, together with those calculated from DSC analysis.
WAXD enables to confirm that: (i) . is higher when the polymer is
in form of electrospun fibers with respect to the pristine sample for
NYL and PAN and (ii) the aligned fibers display higher crystallinity
than the random ones. In the case of PAN, the latter result is in line
with the change of the exothermal peak associated to the cycliza-
tion reaction occurring during DSC that was associated to the in-
crease of macromolecular orientation.

By considering the WAXD patterns of the aligned and random
fibers differences emerge when comparing the intensities of
diffraction peaks. In aligned samples the intensity of the two most

Table 2

Melting enthalpy and crystallinity degree (), calculated by DSC and WAXD, of the investigated samples.
Sample PEO NYL PAN

AHm (J/g) %c (%) DSC* % (%) WAXD" AHm (J/g) e (%) DSC* %c (%) WAXDP AHm (J/g) e (%) DSC* %c (%) WAXDP

Pristine 176 90 81 67 26 36 n.a.‘ n.a.‘ 39
Aligned 153 78 79 87 34 44 na. na. 49
Random 145 74 77 80 31 42 n.a.‘ n.a. 48
2 +2%.
b 5%,

¢ n.a. = not available.
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Fig. 4. Diffraction patterns and analysis of PEO samples. WAXD random sample (A), SAXS random sample (B), WAXD aligned sample (C), SAXS aligned sample (D), equatorial scan
(E) and azimuthal scan of the 12 0 and 0 3 2 reflections of the aligned sample (F). The arrow shows the direction of the fiber alignment. In (B) and (D) the corresponding equatorial

scans are reported.

intense wide angle reflections around the equator is higher than for
the random samples (compare Fig. 4A and C, Fig. 5A and C and
Fig. 6A and C). The corresponding radial scans in the equator di-
rection are reported in Figs. 4—6 panel E. Moreover, in the aligned
samples the intensity distribution of the small angle diffusion
shows an elliptical shape with the main axis on the equator di-
rection while isotropic halo is seen in the random samples
(compare Fig. 4B and D, Fig. 5B and D and Fig. 6A and D). These
observations reveal that the crystal domains developed in the
aligned fibers during electrospinning display mesoscopic preferred
orientation.

The PEO pattern is well characterized by the 1 2 0 reflection at
d = 0.465 nm, as well as by the 03 2, —13 2, —2 1 2 cluster of re-
flections at d = 0.383 nm that belong to the monoclinic cell
structure that has been reported [38]. NYL pattern shows two

partially overlapped 10 0 and 0 1 O reflections of the a-form [14,39],
respectively at d = 0.432 and d = 0.389 nm. The two reflections of
PAN at d = 0.522 and d = 0.328 nm are indexed as 0 1 0 and 2 1
0 plus 3 0 0, on the basis of the pseudo-hexagonal packing of
solvent-free PAN molecules [40,41].

The crystal size (C.S.), i.e. the coherent scattering volume
dimension in the direction perpendicular to the diffracting planes,
is reported in Table 1, based on the estimates obtained using the
Scherrer equation [42]. The fiber alignment does not affect this
parameter, i.e. the results are similar for the random and aligned
samples of the same material. PEO fibers show the biggest crystal
size, almost three times that of NYL and PAN fibers, that themselves
show similar values. The azimuthal scan of some intense peaks of
the aligned samples is shown in Figs. 3—6F. From the width of the
reflection it is possible to calculate the degree of parallelism (IT)
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[43],i.e. a parameter indicating the perfection of crystal orientation.
All the aligned samples show a remarkably high value of 1T (58—73,
Table 1), indicating that the collection of electrospun fibers on a
high-speed rotating drum resulted not only in the fiber alignment,
but also led to a strong orientation of the crystalline domains and
consequently to the molecular orientation in the crystalline por-
tions of the fibers. It is pointed out that the observed spreading
effect is the convolution of the scattering from the crystal domains
in the fibers with the alignment distribution of the fibers them-
selves. As a consequence, the measurement of parallelism degree
includes the effect of fiber angular distribution, but, since the
alignment is high in all samples, the adjustment is proportionally
negligible. The NYL sample possesses higher molecular orientation
(IT = 73), again suggesting a possible role of hydrogen bonding in
chain ordering during fiber processing. Indeed, it has been reported

that NYL can assume a more perfect planar zig—zag conformation
in the extended chain crystal structures under the influence of
applied tensile stress [44]. This observation is confirmed by the
increase of fusion enthalpy with respect to the pristine polymer
previously discussed (Fig. 2C).

As far as SAXS analysis is concerned, random samples show
isotropic strong diffuse scattering near the beam stop. Since the
electrospun fibers are randomly oriented in the membrane, the
pattern represents scattering from fibers in all directions. The
treatment of small angle data for the random samples confirms that
intensity I(q) scales with q—# and the data can be treated under the
Porod regime. Accordingly, the evaluation of the surface/volume
ratio, without using any model for the shape of the crystals, in-
dicates the presence of ‘needle shaped’ crystals, or unidirectionally
extended fiber-like crystals.
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The SAXS patterns of PEO, NYL and PAN aligned samples have an
elliptical shape with the main axis along the equator direction. No
reflections are noticeable along the meridional direction suggesting
that the investigated electrospun fibers have a fibrillar structure
with no trace of lamellar morphology. Previous results demon-
strated that fibers with smaller diameters have higher degree of
crystallinity and molecular orientation in the form of fibrillar
structure. This fibrillar structure is present together with densely
packed aligned lamellae while with the increase of fiber diameter
the electrospun fibers exhibit misaligned lamellae, without any
fibrillar structure [16,19]. It may be hypothesized that the formation
of oriented nuclei during the electrospinning process induces
crystallization of polymer chains combined with extra elongation
of the jet. As a result, smaller fibers are formed, with fibrillar
crystals promoted by the stretching and drawing effect, that im-
proves the degree of molecular orientation.

The interpretation of the equatorial spreading in the SAXS pat-
terns of aligned fibers is more complicated since, in addition to the
intensity due to the microfibrillar structure of the crystal, the
needle-shaped morphology of the microvoids and the surface
reflection of the fibers could give a further contribution to the
spreading effect. The SEM observation of the folded and pressed
samples prepared for the analysis, as reported in the experimental
section, confirms the absence of microvoids.

In order to obtain information about the molecular organization
that leads to asymmetrical scattering in the small angle region we
applied the well tested method proposed by Ruland [45,46]. Ac-
cording to this method, the intensity at the equator is produced by
scattering objects extended along the fiber direction. If the objects
are strictly parallel to the fiber direction and have the same length
L, then the angular width of the diffusion halo is constant and not a
function of the scattering angle. However, in most cases, as for the
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samples here investigated, both the size distribution and the
misorientation of the domains contribute to the intensity profile. A
series of azimuthal scans at different q values along the equator
were performed. The integral breadth was determined as a function
of the q value.

As the relation Bops = 1/Lf-s + Bg exists between the fibril length
(L) and the misorientation width (Bg), from the plot of By vs 1/s
(Fig. 7) it is possible to calculate these parameters (reported in
Table 1). The length of the domain (Ly) along the fiber axis is 93 and
78 nm for NYL and PAN samples, respectively and it is significantly
shorter for PEO (Ly= 54 nm). The misorientation values (Bg), display
low values for all the samples with no significant differences be-
tween them.

Combining the diffraction data with SEM observations it is
possible to derive a sketch of the hierarchical structure of the
electrospun fibers from the macro-to the nano-scale, as reported in
Fig. 8. The NYL fibers show the smallest diameter and the highest
molecular orientation among the investigated systems. NYL fibrillar
crystals are thin and combining the crystal size (C.S.) data, esti-
mated by the Scherrer equation, with structural information [39]
we estimate that the ordered domains are organized in bundles
of fibrils due to the lateral aggregation of roughly 10 molecular
chains (10 unit cells). In the PEO sample the fiber diameter is about
50% bigger than NYL, but the degree of parallelism is lower. The
crystallinity and the C.S. show the highest values indicating that in
PEO fibers, about 20 molecular chains (10 unit cells) are aggregated
in a fibril. PAN fibers have the biggest diameter, but they are formed
by thin fibrils with lateral dimension similar to that observed in the
NYL ones, deriving from the lateral aggregation of about 8 molec-
ular chains (around 8 unit cells). In this case, the big fiber diameter
and the fibril misalignment result in poor parallelism. The extent of
crystal domains in the chains direction as estimated from the L¢
parameter is higher for NYL and PAN samples (about 50 unit cells)
with respect to PEO sample (25 cells). Overall the observed ratio
radius/height of the fibrils is small, indicating elongated fibrillar
structures as reported by other authors [10,16].
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Fig. 8. Sketch of the structure-morphology relationship in electrospun fibers.



5. Conclusions

Six samples of PEO, NYL and PAN nanofibers were prepared by
solution electrospinning. The selection of favorable conditions
allowed producing defect-free fibers with uniform diameters. The
good crystallinity and the presence of the crystal phase were evi-
denced by DSC and X-ray analysis. The regular decrease of the
diffuse intensity and the absence of any appreciable small angle
reflection in X-ray diagrams suggests that under the electro-
spinning conditions used, fibrillar structures elongated in one di-
rection were formed inside all the samples. A correlation between
the morphology and the microstructure is proposed here that
combines structural analysis with morphological and calorimetric
data. The high degree of orientation of the crystals and conse-
quently the high level of molecular alignment achieved for the NYL
sample suggests a possible contribution of the electrospinning
process for promoting the conformation that is most suitable for
directional polymer crystallization.
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