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Using polarized Raman spectroscopy, we have recorded Raman spectra from individual electrospun
Nylon-6 nanofibers. Analysis of these single-fiber spectra, compared to those of unoriented and oriented
Nylon-6 films, indicates significant molecular orientation. Because electrospinning produces fibers in
a jet with a large strain rate, this molecular orientation is expected. We present quantitative measure-
ments of molecular orientation in a single nanofiber and compare these to those of film samples. Such
measurements could yield information about the uniformity of the electrospinning process and resulting
fibers, and may also allow comparison between spectrally measured orientation functions and single-
fiber mechanical properties.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Electrospinning is a technique for forming microfibers and
nanofibers from a wide range of polymeric materials using an
electrically forced fluid jet [1,2]. In most systems, the strong elon-
gational flow of the fluid jet results in fibers with high degrees of
molecular orientation. The extent of this orientation, as well as its
uniformity over the length of the fiber, will have an impact on the
material properties of the fiber. Several previous studies have ob-
served molecular orientation in large bundles of fibers using X-ray
scattering and diffraction techniques [3-6], polarized Raman
spectroscopy [4], and birefringence analysis [7]. Other studies have
measured mechanical properties of both electrospun fiber mats
[8,9] and individual electrospun fibers [5,8,10]. Transmission elec-
tron diffraction techniques have been used to attempt to charac-
terize the microstructure of single fibers [3,6,11], but because of
problems due to sample thickness and damage to the fiber caused
by the incident beam, the resulting data are either non-existent or
have a very poor signal-to-noise ratio; thus quantitative molecular
orientation measurements using this method are yet to be pub-
lished. While measurements of molecular orientation performed
on large bundles of fibers provide information about the average
molecular orientation over several fibers (or, from a different point
of view, over several distantly spaced positions of material de-
posited from the same jet), these measurements cannot provide
much information about the uniformity of this orientation.
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Electrospinning jets exhibit complex fluid behavior and various
types of instabilities [12-14], resulting in fibers with properties
with a wide distribution. For example, a single electrospinning jet
depositing fibers from a single solution will form fibers with a wide
range of diameters [8,15]. It is likely that other parameters, such as
density, crystallinity, and molecular orientation, would exhibit
a similarly wide distribution; this has been suggested by trans-
mission electron microscopy (TEM) studies [6]. Moreover, it would
be useful to compare mechanical measurements taken from a sin-
gle, short (tens of microns) section of fiber to a measurement of
molecular orientation taken from the same fiber section.

In this article we describe the measurement of molecular
orientation from polarized Raman spectra from an individual
electrospun Nylon-6 fiber. We acquire spectra using four polariza-
tion geometries (X|X, Y|Y, X|Y, Y|X using the notation “incident
polarization|analyzed polarization” and the axes shown in Fig. 1).
We qualitatively compare these spectra to those from unoriented
and oriented Nylon-6 films, as well as to spectra taken from large
bundles of Nylon-6 fibers [16]. We also present results from
quantitative analysis of the single-fiber spectra, yielding the P2
(sometimes called the Herman’'s function) and P4 orientation
functions.

2. Experimental methods

Raman spectra were acquired using a Renishaw inVia micro-
Raman system using incident light at 488 nm from a Melles Griot
laser (Melles Griot 543-AP-A01, incident power 4-5 mW) focused
on the sample using a 50x 0.75 NA objective (Leica). A /2 wave-
plate (Thorlabs) was sometimes inserted in the beam path prior to
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Fig. 1. Geometry of polarized Raman experiments. A laser beam passes through
a microscope objective and is focused on an isolated fiber. The backscattered light is
collected with the same objective, and passes to the Raman spectrometer.

the microscope entrance to allow rotation of the polarization of the
incident radiation. A A/2 waveplate and polarizer (part of the micro-
Raman system) were at times inserted after the notch filter to select
the appropriate polarization of the analyzed light. Using this setup,
we were able to take spectra in four geometries (X|X, X|Y, Y|X, and
Y|Y) from any sample. For the purpose of this article, we define Z as
the axis of incident radiation, X as the axis of orientation in the
sample, and Y as the axis transverse to the sample orientation
(Fig. 1). A backscattering geometry was used in all cases. The spot
diameter of the incident radiation was approximately 4 um.
Control experiments were performed using unoriented Nylon-6
film (Kenylon 6250, KNF Corporation). Spectra were taken from
the unoriented film and from film that had been stretched on
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a homebuilt system. For the experiments with film, the /2 wave-
plate for the incident beam was not used and the film was rotated
with respect to the incident polarization. Nanofibers were elec-
trospun from a solution of 30% Nylon-6 (Aldrich) in formic acid
(Mallinckrodt) using the scanned electrospinning technique [17]. In
this technique, a droplet of solution is placed on an electrified (6-
10 kV) microfabricated silicon tip held a distance of 2-4 cm from
a grounded substrate. The droplet forms a fluid jet which is accel-
erated towards a grounded substrate. As the solvent in the fluid
evaporates from the jet, a solid fiber is formed and deposited on the
grounded substrate. We used a chopper motor to rotate the sub-
strate through the jet to isolate and orient the fibers. A transmission
electron microscopy (TEM) grid was used as the collecting substrate
so that regions of the fibers would be freely suspended, but over
relatively small holes to reduce fiber drift. The grid was glued to a
metal washer for ease of handling. The washer was placed on
a stack of washers sitting on an XY piezo stage system (Physik
Instrumente M662.4) mounted on a rotation stage. This rotation
stage was centered using the manual microscope stage on the
micro-Raman system.

3. Results and discussion

Spectra over the 800-1800 cm~! range from control experi-
ments performed on unoriented and oriented Nylon-6 films are
shown in Fig. 2. By observing the changes in the spectra from the
X|X and Y|Y geometries one can qualitatively determine that
stretching the film induces anisotropy, as expected. We were able
to identify the peaks expected in Nylon-6: the s(C-CO) peak at
934 cm™, the s(C-C) peaks at 1001, 1040, 1063, 1078, 1127, and
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Fig. 2. Spectra from unoriented and oriented Nylon-6 films with four polarization geometries. As the draw ratio increases, the material becomes more anisotropic, manifested by

differences between the X|X and Y|Y spectra.
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Fig. 3. (a) Brightfield image of individual electrospun Nylon-6 fiber (under crosshairs) from micro-Raman system and (b) SEM image of the same fiber. Higher magnification SEM
images (inset) indicate a fiber diameter of approximately 280 nm. The colored dots indicate approximate positions corresponding to the spectra in Fig. 4.

1168 cm™~ !, the w(CH,) + t(CH>) peaks at 1204 and 1230 cm™}, the
Amide III peak at 1278 cm~!, the t(CH,) peak at 1306 cm™',
the w(CHy) peak at 1379 cm ™, the b(CH,) peak at 1443 cm ™', the
Amide II peak at 1555 cm~!, and the Amide I peak at 1635 cm™!
[16,18] (where s indicates stretching, w indicates wagging, t in-
dicates twisting and b indicates bending).

We were also able to obtain Raman spectra from individual
electrospun Nylon-6 nanofibers. Fig. 3 shows a single fiber as ob-
served using the brightfield illumination on the micro-Raman
system (Fig. 3a) and the same fiber imaged using a scanning elec-
tron microscope (SEM) (Fig. 3b) after Raman spectra were obtained.
From SEM imaging, the diameter of this fiber was determined to be
280 nm. The fiber was oriented horizontally using a rotation stage
and then positioned in the beam using linear piezo stages. Due to
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the difficulty in perfectly centering the rotation stage, the polari-
zation of the incident light with respect to the sample orientation
was rotated using the incident beam /2 waveplate as opposed
to rotating the sample. Raman spectra from the four geometries
for this fiber (over the 800-1700 cm ™' range) are shown in Fig. 4.
Spectra were taken at three places along the fiber; these are in-
dicated by different colors. Each spectrum corresponds to a single
“SynchroScan” extended scan acquisition of 200s and a binning
value of 3. Variations between the spectra at the three positions
may be due to actual variations in the fiber, variations in the fiber
position in the laser spot (in the X, Y, and Z (focus) directions), and
noise in the system. The background in the spectra may be due to
noise inherent to the Raman system, fluorescence of the fiber, and
background from the air surrounding the fiber (note that the strong
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Fig. 4. Polarized Raman spectra from the isolated electrospun Nylon-6 nanofiber shown in Fig. 3. The differences between the X|X and Y|Y spectra indicate significant anisotropy.
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peak at 1555 cm ™! in the X|X and Y|Y spectra is likely due to oxygen
in the air [19], as the Amide II peak at the same wavenumber should
be weak for all geometries [16,18] and the 1555 cm ™! peak is seen in
spectra taken without any fiber under the microscope objective). By
noting the significant qualitative differences between the X|X and
Y|Y spectra, we observe that there is significant molecular orien-
tation in the fiber.

Previous studies using Raman spectroscopy to analyze Nylon-6
bundles indicate that electrospinning Nylon-6 results in the y
crystalline form of the material [16]; this is in agreement with
studies employing X-ray diffraction to analyze electrospun Nylon-6
nanofibers [20]. This crystalline form, unlike the o form typically
observed in bulk and solution-cast films, is observed in high-speed
melt-spun Nylon-6 filament and is the dominant crystalline form
for fibers formed under high stress [21]. In electrospun Nylon-6
fibers, the chain axis of the vy crystalline form is parallel to the fiber
axis [22]. Upon comparison to spectra in Ref. [12], some regions
(the orange spectrum in Fig. 5) showed spectra strongly indicative
of a y form, while others (the blue spectrum in Fig. 5) appeared to
possess shapes slightly different from the pure y form. While all
regions demonstrate significant molecular orientation, the crys-
tallinity and orientation of crystals may vary significantly [6], which
may account for the variation in spectrum shape.

Polarized Raman spectroscopy may be used as a tool to quan-
titatively measure molecular orientation by calculating the P2 and
P4 orientation functions [23-28]:

P2 — %(3<c052 0> — 1)
P4 — %(35<cos4 0> — 30<cos2 0> + 3)

We have chosen to analyze the s(C-C) peak at ~1120-
1130 cm™! as it has a low depolarization ratio but a measurable
peak height in all spectra, indicates a vibration along the molecular
backbone, and is easily isolated from other peaks. Peaks were fit
using the WIRE software from Renishaw, and the resulting values
(along with the depolarization ratio, 0.075, measured from the
unoriented film) were used to solve a series of equations for P2 and
P4 according to two slightly different treatments [23,27]. We also
calculate a qualitative orientation parameter, Pquai=1 — (Iyy/lx),
where I and I, are the intensities of the peak in the X|X and Y|Y
spectra, respectively [26]. The results for the unoriented film, the
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Fig. 5. X|X spectra from two different fibers, demonstrating the difference in shape.
The spectra were scaled to fit in the same window. The blue spectrum is from the fiber
indicated in Fig. 3, and the orange spectrum is from the fiber referred to at the bottom
of Table 1.

Table 1
P2 and P4 values calculated using two methods and a qualitative orientation
parameter from polarized Raman spectra from several samples

Sample P2 (Refs. [22,26]) P4 (Refs. [22,26]) Pqual
Unoriented film 0.03, 0.03 0.08, 0.06 0.08
Highly oriented film 0.20, 0.14 0.31, 0.33 0.35
Red position 0.88, 0.88 -1.7, -091 0.78
Blue position 0.87,1.1 —0.53, -.55 0.86
Green position 0.66, 0.83 -0.92, -1.0 0.75

Another fiber
(not shown)

0.59+0.06,0.65+0.07 —-2.2+04,-21+0.3 0.65=+0.06

most highly oriented film, and several positions along an individual
electrospun fiber are shown in Table 1. In order to determine the
standard deviation of this measurement technique, 10 sets of four
spectra were obtained from a single position on another fiber de-
posited from the same solution at a different time. The resulting
orientation function values, along with the standard deviations, are
reported in Table 1. For this set of data, the (cos® §) and (cos? §)
values were 0.67 +£0.04 and 0.07 +0.09, respectively (using the
method outlined in Ref. [18]). We observed no correlation between
the calculated orientation values and the set number, indicating
that the incident radiation was not measurably altering the mi-
crostructure over this timescale.

Though the quantitative analysis described above yields re-
producible values, the quantitative results for the electrospun
nanofiber samples fall outside the allowed range for the P4 func-
tion. For a distribution in which all molecules point along the same
angle, (cos* #) = (cos? §)2 and thus P4 = (1/18)(35P2% — 10P2-7). In
the other extreme, a randomly oriented sample will have both P2
and P4 equaling 0. It can be shown using Schwartz’s inequality that
\(cos2 (9>|2 < {(cos* ) < (cos? §), which imposes a range on the value
of P4 for a given value of P2 [29]. Though the film samples yield
proper P2 and P4 values, the P4 values in Table 1 for the electrospun
nanofiber samples all fall outside the allowed range. We believe
that this is due to the high background and poor signal-to-noise
ratio (SNR) in the electrospun nanofiber spectra, especially in the
X|Y and Y|X spectra where the peak is difficult to resolve over the
background. This may also explain the anomalous P2 value of 1.1
obtained for the blue position. It is also possible that birefringence
effects may be altering the relative intensities in the spectra so as to
cause the calculations to yield anomalous results.

The values in Table 1 can be compared to orientation function
values measured in other Nylon-6 systems, such as highly drawn
fibers produced using conventional spinning techniques. Previous
work investigating orientation in both Nylon-6,6 and Nylon-6 fi-
bers that were drawn at room temperature post-spinning indicates
that the P2 orientation function rapidly approaches its maximum
value of 1 at draw ratios less than 10 [30-32]. Estimates of the draw
ratio in electrospinning jets are of the order of ~10,000 [12], and
the Deborah numbers in these systems are quite high [33], sug-
gesting that the molecular orientation in electrospun fibers should
be similar to, if not exceed that of highly drawn melt-spun fibers.

4. Conclusion

We have obtained polarized Raman spectra for a single elec-
trospun Nylon-6 nanofiber which indicate a significant degree of
molecular orientation. These spectra qualitatively agree with those
taken from drawn Nylon-6 film, and show features similar to those
in previous studies on bundles of electrospun Nylon-6 (known to be
in the v crystalline form). We calculated the P2 and P4 orientation
functions with the data we have obtained from individual fibers.
The quality of the current quantitative results is limited by the
spectra quality, and thus we sometimes obtain anomalous values
for the orientation functions P2 and P4. Future work will focus on
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optimizing the experimental setup and acquiring spectra from
a larger set of fibers in order to allow comparison between de-
position parameters (take-up velocity, driving voltage, electro-
spinning solution, etc.). We have observed reproducible differences
in the spectra taken from different fibers suggesting that this
technique allows molecular orientation measurement from iso-
lated, micron-length areas of individual nanofibers and may give
insight into the uniformity of both the electrospinning process and
the properties of the resulting nanofibers.
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