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Abstract
We have fabricated uniaxially aligned Polyvinylidene Fluoride (PVDF) nanofibers by electrospinning technique in order 

to investigate the molecular configuration by using Raman spectroscopy. PVDF is a piezoelectric and pyroelectric material in 
the β-phase molecular configuration, and it is recently found the way to align nanofibers by using a set of grounded electrodes 
during electrospinnig. We have developed a mathematical formalism of analysis for Raman spectroscopy for (1) the signal-to-
noise ratio and (2) the degree of β-phase in the phase mixture of PVDF nanofibers. We observed many sharp peaks in the Raman 
spectra from a single PVDF nanofiber, which were not able to see in bulk materials. In order to see the accurate vibration modes, 
in general, the Raman spectroscopy on nanofiber may contribute to the detail analysis of polymers.
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Abstract
We have fabricated uniaxially aligned Polyvinylidene Fluo-

ride (PVDF) nanofibers by electrospinning technique in order to 
investigate the molecular configuration by using Raman spec-
troscopy. PVDF is a piezoelectric and pyroelectric material in the 
β-phase molecular configuration, and it is recently found the way 
to align nanofibers by using a set of grounded electrodes during 
electrospinnig. We have developed a mathematical formalism of 
analysis for Raman spectroscopy for (1) the signal-to-noise ratio 
and (2) the degree of β-phase in the phase mixture of PVDF nano-
fibers. We observed many sharp peaks in the Raman spectra from 
a single PVDF nanofiber, which were not able to see in bulk ma-
terials. In order to see the accurate vibration modes, in general, 
the Raman spectroscopy on nanofiber may contribute to the detail 
analysis of polymers.

Introduction
Electrospinning has been used as a simple and versatile 

method for drawing fibers from several kinds of polymer solutions. 
In a typical process, the polymeric fluid is extruded from the ori-
fice of a needle to form a small droplet in the presence of a strong 
electric field. When the electric field is sufficiently strong, charges 

built up on the surface of the droplet will overcome the surface 
tension to induce the formation of a liquid jet that is subsequently 
accelerated toward a grounded metal plate (the collector). As the 
solvent is evaporating, the liquid jet is stretched to produce con-
tinuous and thin fibers of the polymer. By using a syringe pump, it 
is possible to continuously feed the liquid in order to obtain fibers 
in a relatively short time. 

(Figure 1(a)) shows a typical setup of electrospinning. In this 
case, the electrospun fibers are often collected as randomly oriented 
structures in the form of nonwoven mats or membranes. Although 
these mats are of great interest for applications that include textur-
ing, composite reinforcement, membrane-based separation, sen-
sor, enzyme immobilization, and tissue engineering [1,2,3], these 
disordered structures may not be used for device fabrications such 
as microelectronics and photonics. For this reason, well-aligned 
and ordered structures are required [4,5,6]. 

D. Li et al. initiated [7] that the control of the spatial orienta-
tion of electrospun nanofibers by using a set of separated grounded 
metal or semiconducting plates as the collector, as schematically 
shown in (Figure 1(b)). Their explanation of this effect is as fol-
lows: At the gap of two separated collecting plate edges, the elec-
tric field becomes opposite directions. Just before an electrospun 
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nanofiber reaches the collector, the nanofiber is pulled toward both edges of the metal plates, the forces are in the direction perpendicular 
to the edges. Therefore, as the result, landed fiber aligned perpendicular to the edges, and it turns out that those fibers orient parallel each 
other in certain degree.

Figures 1(a-b): Experimental setup for electrospinning. (a) Typical electrospinning setup with solid collecting conducting plate grounded. (b) The col-
lector consists of two conducting plates grounded separately with some gap.

(Figure 2(a)) shows the gap adjustable collector plate made of aluminum with a gap size of 10 mm. (Figure 2(b)) is an optical 
micrograph that shows an example of the collected nanofibers in the gap of collector and the directions of fibers are nearly perpendicular 
to the gap edges. (Figure 2(c)) is an SEM micrograph of a single fiber fabricated under the similar conditions to the one in (Figure 2(b)). 
The average diameter of these fibers is approximately 1 µm, and we better call the fibers “Microfibers” in this case. However, in this 
paper we call them “Nanofibers” since we also fabricate submicron-size fibers under similar conditions.
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Figures 2(a-c): The collector and collected fibers. (a) The gap adjustable collector plate made of aluminum with a gap size of 10 mm. (b) The collected 
nanofibers in the gap of collector. (c) The SEM image of a single fiber that was fabricated under the similar condition.

Our current interest is the uniaxially aligned nanofibers of 
PVDF. PVDF has been extensively investigated due to its mechan-
ical, ferroelectric, and electrical properties, such as piezoelectric 
as well as pyroelectric characters, which makes it suitable for ap-
plications in electro-optics and electro-mechanical devices [8,9]. 
However, there are four molecular phases of PVDF (α-, β-, γ-, and 
δ-phases). Most stable α-phase is the nonpolar, which does not 
have piezoelectric property and can be obtained directly from the 
melt. This phase is formed by (CH2-CF2)n chains in a TG+TG- 
conformation and monoclinic crystallographic form. In the polar 
β-phase, PVDF chains adopt a zig-zag planar conformation, which 
leads to an orthorhombic cell, which has high value of electric po-
larization [10]. The phase transition from the non-polar α-phase to 
the polar β-phase of PVDF was investigated using micro-Raman 
spectroscopy [11]. They started from α-phase PVDF film sheets 
and observed the phase transition to a-phase by stretching the 
films. Although their study was interesting, the peak assignments 
and resolution are our concerning.

In our electrospinning, PVDF solution becomes fibers by 
stretching with electric field while the solvent is evaporating. From 
the uniaxially aligned nanofibers, we may detect the degree of 
β-phase in PVDF fibers. We measured the Raman signals by rotat-
ing the incident excitation laser polarization respect to the fiber axis.

Since polymers have large molecular, the degree of freedom 
for vibration modes should be large. The assignments of bands or 
peaks in the literature are possibly indistinct. Many sharp peaks 
are overlapped and form broad bands. Raman spectroscopy on a 

single nanofiber could be useful to distinguish these sharp peaks 
rather than signals from bulk materials because the signals from 
bulk materials may average out to become blurred. Using our anal-
ysis formalism, we may have a detailed understanding of Raman 
individual peaks for the phase changes of polymers.

Mathematical Background for Analysis
In order to analyze data, we introduce two mathematical 

concepts below. One is the degree of random noise level compared 
with real signals. Another is the component analysis of b-phase of 
PVDF distinguished from a-phase spectra.

Signal to Noise Ratio
Suppose that we take two Raman spectra of PVDF which 

may not be the same due to random noise:

ψ1 (ω)=ψ0 (ω)+ε1 (ω)                                                   (1a)

ψ2 (ω)=ψ0 (ω)+ε2 (ω)                                                    (1b)

where ψ_0 (ω) is the ideal spectrum of a specific PVDF sam-
ple, which is practically unknown because of the additional ran-
dom noise spectra ε_1 (ω) and ε_2 (ω). However, since the spectra 
are averaged over several scans, the noise spectrum portion can be 
reduced down to a certain level. On the other hand, since we take 
spectra from a single PVDF nanofiber, the ideal spectrum ψ_0 (ω) 
can be weak. Therefore, we have the following two cases:

(A)  |ψ0 (ω)| >> |ε1 (ω; t)|,|ε2 (ω; t)|  for Low noise level case

(B)  |ψ0 (ω)| << |ε1 (ω; t)|,|ε2 (ω; t)|   for High noise level case
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In order to distinguish the noise level, we introduce the following correlation coefficient R:

For the extremely low noise level case (1): , ψ1 (ω)→ψ0 (ω)  and ψ2 (ω)→ψ0 (ω)

In this case, the correlation coefficient of this extreme case becomes

On the other hand, the , ψ1 (ω)→ε1 (ω)  and ψ2 (ω)→ε2 (ω) 

In this case, the correlation coefficient becomes

The Degree of β-Phase in a Mixture
Suppose that there are PVDF nanofibers of purely α-phase and β-phase, and their spectra are given by, respectively: ϕα (ω)  and ϕβ (ω)

These spectral functions are not orthogonal, in general:

The spectral function for the mixture of purely α-phase and β-phase  is given by

ψ(ω)≡Cα ϕα (ω)+Cβ  ϕβ (ω)                     (6)

where the coefficients  and  are the quantities that express the contributions of α-phase and β-phase in the mixture, respectively. 

They can be obtained in the following method: Multiplying both sides by  and integrating over the specified region, we have

These are a set of simultaneous equations for  and :
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where  is given by 

In the 2-D matrix form, Eq. (7) becomes

Therefore, using the inverse of G-matrix,  and  can be 
obtained by

Here, as well known, the inverse of G-matrix is given by

Experimental
Sample preparation and measurement of Raman spectra are briefly 
described below. 

Sample preparation
PVDF powder (MW: ~534,000) was purchased from Aldrich 
Chemistry, N-N-Dimethylformamide (DMF) and Acetone were 
purchased from Fisher Scientific. PVDF nanofibers are produced 

by the electrospinning method, as previously mentioned in the 
introduction section. PVDF solution was prepared as follows: 
First, we made a solvent mixture of DMF and acetone with a 
volume ratio of (DMF): (acetone) = 60%: 40%. PVDF powder 
was resolved in the solvent mixture with a concentration of 12 
wt.% of PVDF and was thoroughly mixed with a magnet starrer at 
45°C for 12 hours. 

Just before electrospinning, the PVDF solution was mixed again 
with a magnet starrer at 45°C for 1 hour. The outlet of PVDF 
solution was an 18-gauge stainless steel needle with a high voltage 
of 14.5 kV controlled with a high voltage power supply (ES100P-
5W, Gamma High Voltage Research). The solution pumping speed 
was 4.5 ml/h controlled with a syringe pump (NE-300, New Era 
Pump System, Inc.). The fiber collector was made of two aluminum 
plates and they were separately grounded to a common ground. 
The separation gap between two aluminum plates was 10 mm. The 
distance between the needle tip and the collector was 17 cm.

Raman Spectroscopy
The Raman spectra were taken with a micro-Raman spectroscope 
(Lab RAM HR, Jobin Yvon Technology/Horiba Scientific) with 
532 nm laser beam from a diode laser (Ventus, Laser Quantum) in 
the range of 700-1000 cm-1. The x100 objective lens was used with 
a power of 38 mW. Exposed time was 2 secs and 100 repetitions 
were set for the accumulation of averaging. The polarization plane 
was adjusted by rotating the relative angle of a half-wave plate to 
the laser polarization. 

Results and Discussion
Signal-to-Noise Ratio
Raman spectra were taken from (A) a PVDF sample made by 
drying PVDF solution droplet and (B) a single PVDF nanofiber by 
the aligned electrospinning method (Figure 3). 
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The spectrum (A) is supposed to show α-phase because the sample was made without any stress. However, the peak at 839 cm-1 is 
one of strong peaks in this spectral region. The bands for β-phase at 794 cm-1 and 879 cm-1 are pronounced, but the band at 794 cm-1 is 
only at the shoulder of broad band. The spectrum (B) shows a relatively strong sharp peak at 839 cm-1, which is for β-phase. The reason 
why the β-phase pronounced is the sample was made by the electrospinning. These assignments especially for β-phase at 839 cm-1 is in 
question for spectrum (A).

(Figure 4) shows two spectra taken from the same PVDF single nanofiber sequentially at two different times (1:09 a.m. and 1:33 
a.m.) on a day with a delay of about 24 minutes, since one scan of spectrum took about 20 minutes. Readers may think that the counts 
are low and that these spectra have a high level of noise. In order to compare the features, these spectra have been positioned with a 
vertical off-set. 

Figure 3: Raman spectra from (A) a sample of dried PVDF solution and (B) a single PVDF nanofiber by the aligned electrospinning method in the 
range between 700 cm-1 and 1000 cm-1. Assignments of peaks are given according to Ref. 11. 
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Figure 4: Two spectra taken from the same PVDF single nanofiber se-
quentially with a delay of about 24 minutes.

By comparing these two spectra, it is interesting that Red 
spectrum (top) has strong three bands and that Blue spectrum 
(bottom) does not have such features. However, there is a sharp 
peak at 839 cm-1 in Blue, which corresponds to the highest peak 
at 839 cm-1 in Red spectrum, which is for β-phase band. There 
are more sharp peaks in Blue spectrum, which show up in Red 
spectrum overlapping on the broad bands.

For the analysis, we divide these spectra into 3 regions: (I) 
700-780 cm-1, (II) 780-900 cm-1, and (III) 900-1000 cm-1. Let us 
investigate the regions (I) and (III) first. These two segments are 
replotted in (Figure 5). For the analysis from numerical data, in-
stead we calculate the summation from its numerical data, of the 
integration in Eq. (2), as follows:

 (M+1 ) is the number of data points in the integrating range 

between  and , and  is the resolution of the measurement. 
The the correlation coefficient is given by

    (2’)

Dropping the common factor of  from numerator and 

denominator,  was calculated as

For (I) 700-780 cm-1, the correlation coefficient becomes

For (III) 900-1000 cm-1, the correlation coefficient becomes

In these regions, the noise levels are very low.

Figure 5: The two segments of spectra in (Figure 4) for the region of (a) 
700-780 cm-1 and (b) 900-1000 cm-1. There is a vertical off-set for these 
two spectra.

(Figure 6) shows the same set of spectra in the region of (II) 780-
900 cm-1, and its correlation coefficient becomes

R12=0.999341
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Figure 6: The two segments of spectra in (Figure 4) for the region of 
780-900 cm-1. There is a vertical off-set for these two spectra for com-
parison.

Since the correlation coefficient R_12 is close to 1, the spec-
tra in the region of (II) 780-900 cm-1 are not noisy although the 
Red spectrum has three broad bands at about 794 cm-1, 839 cm-1, 
and 879 cm-1. In this region (II), the correlation coefficient R12 is 
slightly worse than those for regions (I) and (III), however, R12 
in region (II) is fairly close to 1. This means that the small sharp 
peaks are not noise related, but also, they are actual Raman band 
peaks. In order to explain more, suppose that there are N individu-
al peaks at ω=ωp  (p=1,2,......N), and that one of two Raman spectra 
from one sample is described as

Here,  is an elementary band spectrum for one mode, 

whose peak is at . The coefficients  are relative 
amplitudes of the modes. If another Raman spectrum from the 
same sample is described as

Then, the correlation coefficient  becomes For the low noise 

level case (1): , for the simplicity, 

In this case, the correlation coefficient of this extreme case 
becomes

which means that if two detected spectra from the same 
sample have the proportional spectra each other with low noise 
level, then we have a good correlation coefficient R_12 close to 1. 
From this point of view, the broad bands are made up from many 
sharp peaks, and the signals from a single nanofiber can be re-
solved relatively easier than the signal from bulky samples. For 
the bulky samples such as thick film, the additional interactions 
among polymer molecules are expected, and the sharp features 
may be blurred.

The Degree of β -Phase in a Mixture
Since we could not have pure α- and β-phases, at this point 

we could not analyze the degree of β-phase in the mixture phases 
of fibers. There should have the way to analyze, and the investiga-
tion is ongoing. 

Conclusions
We have fabricated uniaxially aligned PVDF nanofibers to 

investigate molecular configuration in the nanofibers. We devel-
oped a mathematical formalism of analysis for the signal-to-noise 
ratio and the degree of β-phase in the phase mixture of PVDF nano-
fibers. Although, at this point, we could not investigate the degree 
of β-phase in the mixture of nanofibers, there should be the way 
to find it with our formalism. In order to see the accurate vibra-
tion mode, the Raman spectroscopy on nanofibers may contribute 
to the detail analysis of polymers. Since polymers are large mol-
ecules, there are many vibrational modes due to the high degree of 
freedom. In the literature, the assignments of bands or peaks are 
possibly indistinct. In Raman spectra of single nanofiber, many 
sharp peaks are found overlapped each other and form broad bands. 
Raman spectroscopy on a single nanofiber could be useful to dis-
tinguish these sharp peaks rather than signals from bulk like films.
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