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ABSTRACT: Randomly deposited or partially aligned electrospun nylon-6 nanofibers were prepared by using a
rotating collector with linear velocity from 0 to 900 m/min, and their molecular orientation was characterized
with polarized Fourier-transform infrared (FT-IR) spectroscopy. At a linear velocity of 0 m/min, electrospun
nylon-6 nanofibers are randomly deposited onto a collector owing to the bending instability of the charged jet.
In this case the parallel polarized FT-IR spectrum (obtained at two mutually perpendicular directions) is the
same as the perpendicular polarized spectrum, indicating that there is no molecular orientation in the electropun
membrane. When the linear velocity of the collector was increased from 0 to 300 m/min, several changes in IR
band intensity are observed, including the NH stretching band at 3303 @ma the amide | and Il vibrations

(1647 and 1543 cnt, respectively) in the two polarized FTIR spectra. Also, the intensity of the amide Il vibration

is observed to gradually increase in the parallel polarized FT-IR spectrum, with an increase in the linear velocity
of the collector, whereas its intensity is observed to decrease in the perpendicularly polarized spectrum. This
indicates that the polymer chains are preferentially oriented along the fiber axis. Also, a decrease in the average
fiber diameter (from 250 to 125 nm) is observed in SEM micrographs, indicating that the fibers are stretched and
aligned by the high-speed rotating collector.

Introduction In this study, the electrospun nylon-6 nanofibers were
deposited on a rotating collector with different linear velocities,
which induced partial molecular orientation and macroscopic
fiber alignment. The mechanism of molecular alignment of
polymer chains in nanofibers was examined in detail using
polarized FT-IR spectroscopy. The use of this technique to
characterize polymers and their overall molecular orientation
has been well documentég.’

Nylon-6 is widely used as an engineering polymer, especially
for fiber and film manufacturing It is well-known that nylon-6
has two different crystalline structureg; and y-forms. The
conformation of thex-form is a fully extended planar zigzag
and is thermodynamically stable, whereas therm adopts a
helical or kinked structure and is metastabgince all nylon-6
amide bonds lie in the same direction (perpendicular to the
polymer chain axis), nylon-6 is very similar in structure to the Experimental Section

pB-sheet conformation of natural polypeptides.

Lo . L : Nylon-6 pellets (relative viscosity of 2.8) used in this study were
Electrospinning is a fiber spinning technique that employs a obtained from Kolon Industries (Republic of Korea). The pellets

high-voltage supply togethe_r with a.p"'y.me”c solut|on_ or melt were dissolved in formic acid at room temperature and electrospun
that can produce polymer fibers with diameters ranging from g6 g rotating metallic mandrel capable of rotating up to 3000
several microns to nanometérs. Thus far, a wide variety of  m/min. Aligned nylon-6 nanofibers were prepared with varying
organic polymers have been successfully prepared via thedegrees of molecular alignment by controlling the linear velocity
electrospinning proce$d.Recently, there has been an increased of the mandrel surface (0, 300, 600, and 900 m/min). Electrospin-
interest in the macroscopic alignment of electrospun fibers for ning was carried out using a nylon-6 concentration of 22 wt % in
many applications, ranging from electrical and optical applica- formic acid solution, with an applied voltage of 22 kV and a tip-
tions to biomedical applications. to-collector distance of 12 cm. A schematic of the electrospinning

ically alianed el fib h b b apparatus is shown in Figure 1. After electrospinning, the nylon-6
Macroscopically aligned electrospun fibers have been ob- honqfiners were placed under vacuum to remove the residual
tained by modifying the fiber collection system to incorporate ggvent.

a high-speed rotating drufn;°a copper wire drun; a scanning The morphology of electrospun nylon-6 nanofibers was examined
tip,'2 or conductive plates containing an insulating @&p. with scanning electron microscope (SEM, JEOL JSM-5900, Japan).
However, very limited work on the molecular orientation of To monitor the changes in the molecular orientation as a function
polymer chains within these macroscopically aligned electrospun of a linear velocity of the rotating mandrel, a Fourier transform
fibers exists0:14 infrared spectrometer (FT-IR, Nexus 670, Thermo Nicolet) with a
ZnSe polarizer was used. The spectra were recorded from 500 to
4000 cnr! with a 4 cnr? resolution and the coaddition of 128 scans.

83; ig;?sggggig% ;Létgffé is':ﬁ-1YeK'r_”aei'r:%ﬁ’lok'géﬁ';%tkpggﬂf ;ﬁ%ﬂ% In the parallel polarization, the direction of the oscillating electric
82-63-270-2351, Fax 82-63-270-2348. e field of the incident IR beam is parallel to the machine direction

t University of Delaware. of collection of the fibers (parallel to the fiber axis) while in the
* Shinshu University. perpendicular polarization it is perpendicular to the machine
§ Chonbuk National University. direction (perpendicular to the fiber axis). Thermal measurements
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Figure 1. Schematic diagram of electrospinning setup and collection
system.
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collector surface. However, as soon as the linear velocity of
collector is increased to 300 m/min, several changes in the two
polarized IR spectra obtained with polarization along the axes
of the aligned fibers and perpendicular to the axes of the aligned
fibers were observed (Figure 3). Although the most obvious
changes are in the \H stretching region, the amide | and the
amide Il regions due to the strong intensity changes observed
for these bands, the entire spectrum is strongly affected by an
increase in the linear velocity of the mandrel.

Parallel and perpendicular polarized FT-IR spectra as a
function of the linear velocity of the collector are shown in
Figures 4 and 5, respectively. As the linear velocity of collector
is increased, the relative band intensities of amide |, amide I,
amide Ill, and CC stretching are observed to change in the
polarized FT-IR spectra. In particular, amide Il is strongly
affected by the linear velocity of the collector (see inset in
Figures 4 and 5) due to the fact that the molecular orientation
is increased with linear velocity of the collector. Characterization
of molecular orientation is commonly demonstrated by calculat-
ing the dichroic ratio of different vibrational bands from the
observed IR spectra. The dichroic ratio can be calculated using
the expressiolR = Py/Pp, whereR is the dichroic ratioP; the
parallel-polarized infrared absorbance intensity, d&hdthe
perpendicularly-polarized infrared absorbance intensity for a
particular vibration. For a randomly oriented samtés equal
to 1 (equal infrared absorbance intensity in two mutually
perpendicular directions), while for a uniaxially oriented sample
(all polymer chains aligned along the fiber axis and a change
in dipole moment of a particular vibration that is aligned along
the fiber axis) R equals infinity. The dichroic ratios for the IR
bands observed as a function of the linear velocity of the rotating
collector are summarized in Table 2. (Absorbance for the bands

were performed with a DSC (Q100 TA Instruments) operating at
a heating rate of 20C/min under a N atmosphere. Crystallinity
(Xc) values were determined using the ratio/dfli/AH®;, where
AHgs is the measured DSC heat of fusion (J/g) aid’; is the heat

of fusion for a 100% nylon-6 crystal. A value ofH°; = 240 J/g®
was used to calculate the degree of crystallinity.

Results and Discussion

In electrospinning, it has been shown that the viscosity or
concentration plays a major role in determining the morphology

and diameter of electrospun fibéfshs demonstrated by SEM at 929 and 974 cmi was calculated using a curve fitting routine

rmcrographs shown in Figure 2, nanoﬂber_s \.N'th different in Origin 7.5 software because these are not isolated bands and
diameters result when the mandrel speed is increased even

though all samples are electrospun from the same ponmerneecled to first be reso!ved.) o
concentration (22 wt % in formic acid). At a mandrel linear ~ AS expected, the amide | band at 1645 érfprimarily due
velocity of 0 m/min, electrospun nylon-6 nanofibers are t© th_e c_arbonyl stretching V|bra_t|on) shows perpe_ndlcular
randomly deposited onto the collector due to the bending POlarization as do the NH stretching and the CONH in-plane
instability of the charged jet (Figure 24.0n the other hand,  Vibration attributed to the-form at 974 cm* (Figures 5 and
partially aligned nylon-6 nanofibers were prepared by adjusting 6)-*” On the other hand, the amide Il band mainly attributable
the linear velocity of the collector (Figure 2B), with better t0 CN stretching and NH in-plane bending shows parallel
alignment occurring as this linear velocity approached that of Polarization. The CC stretching band at 1121 €neharacteristic
the electrospinning speed. The frequency distribution of the Of the amorphous phadéand the CONH in-plane vibration
observed nylon-6 fiber diameters deposited onto the collector attributable to thex-form at 929 cm* (Figures 4 and 6) also
with a linear velocity of 0 and 300 m/min is illustrated in parts ~€xhibit parallel polarization. Hence, itis clear that the molecular
C and D of Figure 2, respectively. As the linear velocity of the Orientation of nylon-6 is influenced by the linear velocity of
mandrel is increased from 0 to 300 m/min, the average diameterthe collector as evidenced by the polarized IR data. However,
decreases from 250 to 125 nm, indicating that the fibers are it iS interesting to note that the opposite polarization behavior
stretched and aligned toward to rollup direction. For larger linear iS observed for the CONH vibration of the two different
velocities, the average fiber diameter showed only small crystalline forms. In the-form the amide group lies in the same

additional changes (data not shown).

As mentioned above, the molecular structure of nylon-6
consists of amide groups (CENH) separated by linear chains
of methylene units+(CH,)s—]. All amide groups are oriented
approximately perpendicular to the polymer chain axis and form

intermolecular hydrogen bonds. There are two possible crystal-

line forms for nylon-6: the parallel chaa-form and antiparallel
chainy-form. The IR bands have been assigned previdbsly
and are presented in Table 1.

When the nylon-6 nanofibers are randomly collected (linear
velocity of 0 m/min), the IR spectra obtained in any two

plane as the aliphatic carbon chain while in théorm the amide
group is twisted about 680out of this plane in support of the
observed change in polarization behavidfrom the SEM
micrographs, it is also evident that there is a large decrease in
the average fiber diameter, which occurred at the 300 m/min
windup speed while only small additional changes in the average
fiber diameter occurs with higher windup speeds.

At the same time the dichroic ratio, for all the different bands,
indicates that the orientation continues to increase as the windup
speed reaches 900 m/min. This observation could be understood
if one considers that the increase in windup speed increases the

perpendicular directions are exactly the same (data not shown),molecular alignment of polymer chains within the fibers while
indicating that there is no macroscopic fiber orientation when also improving the macroscopic alignment of the fibers simul-
the nylon-6 nanofibers are collected on a nonrotating mandrel taneously. A moderate increase in macroscopic fiber alignment
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Figure 2. SEM images and frequency distribution of nylon-6 nanofiber diameters of electrospun fibers obtained at two distinct linear velocities of
the rotating mandrel: (A, C) 0 and (B, D) 300 m/min. Arrow indicates the draw direction.
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Figure 3. Polarized FT-IR spectra of nylon-6 nanofibers electrospun
onto the rotating mandrel collector with a linear velocity of 300 m/min. )
(A) parallel and (B) perpendicular to the axes of the macroscopically 777

aligned fibers. 3500 3000 2500 2000 1500 1000

Table 1. FT-IR Band Assignments of Nylon-6 Wavenumbers (cm'l)
band (cnT?) assignment Figure 4. Parallel polarized FT-IR spectra of nylon-6 nanofibers

electrospun onto the rotating mandrel collector with a linear velocity

gggg mg’grf:i'?é’sr‘(;’ne;ng‘g stretching of (A) 0, (B) 300, (C) 600, and (D) 900 m/min.
2931 CH asymmetric stretching
2859 CH symmetric stretching cm~! bands in the unpolarized spectra (data not shown), it is
igii 2%32 :I possible to conclude that there is a slight increase in crystallinity
1369 amide I+ CH, wagging with an increase in the windup speed at the collector. Con-
1264 amide Ill+- CH, wagging comitantly, there is a pronounced increase in the concentration
1236 Ch wagging/twisting of a-form, which becomes more evident as the windup speed
ﬁgg Eérg'ﬂeH ”S';}fé';ﬁ wagging increases from 0 to 300 m/min. This is supported by band shifts
1121 CC stretching (amorphous) in the.CHz stnlatch.lng region (Figure 7). These vibrational bands
1078 CC stretching contain contributions from both the amorphous and the crystal-
974 CONH in-plane) line regions. It has been reported that the ,Cétretching
929 CONH in-planed) frequencies of the-form are found at higher positions because

the polymer chains are more tightly packed in this form and
is observed from SEM micrographs (data not shown) as the the CH bond is shortét In our experiments, both the GH
windup speed is increased from 300 to 900 m/min. symmetric and Chlasymmetric stretching bands have shifted
It is impossible to affirm the exact crystallinity of the sample slightly to higher wavenumbers. In particular, the Catym-
and/or quantify thex andy content using only IR spectroscopy. metric stretch in the perpendicularly polarized spectrum under-
Comparing the relative absorbance of the 1121, 974, and 929goes a shift of 3 cm! while in the parallel polarized spectra no
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Figure 6. Polarized FT-IR spectra of PA 6 nanofibers electrospun onto Table 3. DSC Data for Electrospun Nylon-6 Nanofibers with
the rotating mandrel collector with a windup speed of (A) 0 m/min: Different Linear Velocities of the Rotating Mandrel
parallel polarization (electric field oriented parallel to fiber axis); (B) - -
0 m/min: perpendicular polarization; (C) 900 m/min: parallel polariza- ~ linear velocity of ) ) .
tion; and (D) 900 m/min: perpendicular polarization. rotating mandrel  melting temp heat of fusion  crystallinity
(m/min) (°C) (J/9) (%)
Table 2. Dichroic Ratio of Different Vibrational Bands 0 223.9 (214.2) 77.2 32.2
linear velocity of rotating collector (m/min) 300 226.0 (215.3) 82.9 34.5
600 224.4 (215.4) 83.3 34.7
band (cnt) 0 300 600 900 900 224.6 (216.4) 82.2 34.3
iggg 181 823 ggg 82? aValues in parentheses indicate the melting temperature of shoulder
: : : : thermi k.
1544 1.03 153 3.27 3.63 endothermic peal
1121 1.02 1.58 3.45 3.68 . . . .
974 1.00 0.64 0.72 0.55 sample obtained at a mandrel linear velocity of 300 m/min is
929 1.00 1.94 5.81 6.03 slightly higher than that obtained at 0 m/min. For higher linear

velocities of the mandrel surface, there is no further increase in
shift is observed. This suggests that there is a small increase incyrstallinity. Hence, these results are in good agreement with
thea-content and also that the orientation of tiorm is more the FT-IR spectra showing the same trend.
substantial. The CC stretching band at 1121 tis assigned Another interesting aspect in the FT-IR analysis of H-bonded
to the amorphous phaseand its dichroic ratio ¥ 1) indicates amide polymers is to evaluate the changes in crystalline structure
that there is net orientation of the amorphous polymer along due to changes in the H-bond strength caused by stress,
the fiber axis with an increase in the linear velocity of the deformation, etc. Many studies on nylon-6 exploring this have
rotating mandrel even though in less extent compare to the been reported but a clear picture is still not well-defined. In
o-form (see Table 2). fact, NMR studies on crystalline forms of nylon-6 by Okada et

In order to support these results, DSC measurements wereal.? showed that the H-bond is stronger in théorm compared

carried out, and the resulting melting temperature, heat of fusion, to thea-form, but other studi€d??argue exactly the opposite,
and crystallinity from each sample are summarized in Table 3. that the H-bond is much stronger in theform due to a closer
As demonstrated from the DSC results, the crystallinity of the packing of the nylon-6 chains. Any change in the H-bond will
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affect many vibrational modes, including the NH stretching 300 m/min, showed differences in the relative intensity of bands,
vibration, amide |, and amide Il. However, it is important to indicating that molecular orientation of polymer chains had
note that the amide | and amide Il are complex vibrational occurred parallel to the fiber axis. As demonstrated by SEM,
modes, involving displacement of multiple molecular groups, the decrease in the average fiber diameter indicates that fibers
and that the NH stretching vibration is a very broad band that were stretched and aligned along the fiber axis. In the initial
has contributions from both amorphous and crystalline phases.windup stage, crystallinity content increased significantly due
More specifically, the NH stretching vibration is not a simple to drawing of the fibers along the fiber direction. For higher
and direct indication of the hydrogen-bond strerfgtNeverthe- mandrel linear speeds, there is no substantial increase in the
less, our data suggest that there is a weakening in the H-bondcrystallinity as indicated by DSC. Consequently, it is most likely
with an increase in the linear velocity of the rotating collector that at the lower (300 m/min) mandrel linear velociteegorm
at least in the direction parallel to the machine direction. This crystals form mainly from the amorphous phase, but later the
cannot be easily correlated to conformational changes. The IRsmall increase in crystallinity observed at the higher mandrel
data show a shift of the amide Il peak at 1543 érto lower speed (300 m/min and above) is at the expense offegm.
frequency as the linear velocity increases from 0 to 900 m/min
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