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(57) ABSTRACT 

Electroactive polymers are produced via electrospinning. 
The induction of electroactivity via electrospinning can be 
utilized with one or more soluble polymers with polariZable 
moieties. Suitable polymer classes include but are not lim 
ited to polyimides, polyamides, vinyl polymers, polyure 
thanes, polyureas, polythioureas, polyacrylates, polyesters, 
and biopolymers. Any one or more solvents suf?cient to 
dissolve the one or more polymers of interest and make a 
spinnable solution can be utilized. The polymer can be 
electrospun into ?ber and ?brous nonwoven mat. The elec 
troactive polymer can be doped with inclusions, such as 
nanotubes, nano?bers, and pieZoceramic powders for dielec 
tric enhancement The availability of electroactive polymer 
?bers and ?brous nonwoven mat will enable many new 
applications for electroactive polymers. 
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ELECTROSPUN ELECTROACTIVE POLYMERS 

CLAIM OF BENEFIT OF PROVISIONAL 
APPLICATION 

[0001] Pursuant to 35 USC § 119, the bene?t of priority 
from provisional application having U.S. Ser. No. 60/530, 
637, ?led on Dec. 19, 2003, is claimed for this nonprovi 
sional application. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OF DEVELOPMENT 

[0002] The invention described herein Was made in part by 
employees of the United States Government and may be 
manufactured and used by and for the Government of the 
United States for governmental purposes Without the pay 
ment of any royalties thereon or therefore. 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of the Invention 

[0004] The present invention relates generally to the pro 
duction of electroactive polymers via electrospinning. It 
relates in particular to the induction of the polar phase in 
electroactive polymers, and the spontaneous orientation of 
dipoles in a single step process. These materials have 
Widespread application in numerous ?elds, including aero 
space, biomedical, clothing, and defense. 

[0005] 2. Description of the Related Art 

[0006] Due to their exceptional thermal, mechanical, and 
dielectric properties, polyimides are Widely utiliZed, such as 
for matrix materials in composite aircraft components and as 
dielectric materials in microelectronic devices. Further, elec 
troactive polymers have properties that are advantageous in 
numerous ?elds. Unfortunately, current methodology for 
producing electroactive polymers entails melt-pressing of 
the polymer at high temperatures, folloWed by stretching 
and corona-poling at high electric ?eld strengths in order to 
produce the polar phase and electroactive behavior. This 
current process is labor-intensive and time-consuming, and 
requires large equipment that is complex to maintain. 

[0007] Currently, polyvinylidene ?uoride (PVDF) is the 
only commercially available pieZoelectric polymer. PVDF is 
ferroelectric, having a polar axis that can be reoriented When 
an electric ?eld is applied, and pieZoelectric, When subjected 
to mechanical stress, changing its electrical polariZation, or 
vice versa, With a change in electrical polariZation resulting 
in mechanical movement. PVDF exhibits pieZoelectricity 
after being subjected to a poling process Which applies a 
high electric ?eld to force molecular dipole alignment. 
PVDF can exist in several solid state phases, 0t, [3, 6, and y. 
The [3-phase is of most importance because it is this phase 
that shoWs the largest electroactive response. The different 
phases can be attained by application of mechanical, ther 
mal, or electrical stress depending on the initial and desired 
state of the polymer. The process that leads to the [3-phase 
formation is labor intensive and time consuming, requiring 
initial melt processing and draWing into a ?lm, folloWed by 
further stretching of the ?lm at an elevated temperature 
either uniaxially or biaxially to induce the polar phase. 
Finally, it is passed under corona Wires at high voltage to 
cause the induced dipoles to orient. PVDF has the potential 
to be used in many applications due not only to its electro 
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active properties but also because it is lightWeight, ?exible, 
tough and conformable. In addition, it possesses signi?cant 
resistance to fatigue, abrasion, deformation, chemicals, and 
solar radiation. These properties make it an attractive mate 
rial for aerospace as Well as medical applications. 

[0008] In the ?ber-spinning process knoWn as electrospin 
ning, a high voltage is applied to a polymer in solution to 
create nano?bers and nonWoven mats. The polymer solution 
is loaded into a syringe, and high voltage is applied to the 
needle of the syringe. Charge builds up on a droplet of 
solution that is suspended at the tip of the syringe needle. 
Gradually, as this charge overcomes the surface tension of 
the solution, this droplet elongates and forms a Taylor cone. 
Finally, the solution exits out of the tip of the Taylor cone as 
a jet, Which travels through the air to its target medium. 
While traveling, the solvent evaporates, leaving ?bers. 
Overall, electrospinning is advantageous for many reasons. 
It is simple, and the technique is fast and easy to run. Only 
a small amount of material is required, and there is very little 
Waste. The products of this process also have advantages 
over currently available materials; the ?bers are very thin 
and have a high length to diameter ratio, Which provides a 
very large surface area per unit mass. Finally, the process is 
versatile. Fibers can be spun onto any shape using a Wide 
range of polymers. While electrospinning is an advanta 
geous processing method to apply to polymers, it has not 
been applied for the purpose of producing electroactive 
polymers. An additional advantage of electrospinning is the 
ability to produce ?bers and ?brous nonWoven mats; current 
methods for the production of electroactive polymers gen 
erally produce ?lms. 

[0009] While electroactive polymers themselves embody 
many useful properties, doping electroactive polymers With 
inclusions, such as nanotubes, nano?bers, and pieZoceramic 
poWders for dielectric enhancement is advantageous. Car 
bon nanotubes have become increasingly interesting due to 
their very unique properties: high tensile strength and modu 
lus, high electrical conductivity, and high thermal conduc 
tivity. 

SUMMARY OF THE INVENTION 

[0010] It is accordingly a primary object of the present 
invention to overcome the difficulties and avoid the inad 
equacies presented by existing processes for the production 
of electroactive polymers. The present invention produces 
electroactive polymers via electrospinning. The induction of 
electroactivity via electrospinning can be utiliZed With one 
or more soluble polymers With polariZable moieties. Suit 
able polymer classes include but are not limited to polyim 
ides, polyamides, vinyl polymers, polyurethanes, polyureas, 
polythioureas, polyacrylates, polyesters, and biopolymers. 
The polyimides include but are not limited to 2,6-bis(3 
aminophenoxy)benZonitrile (([3-CN)APB)/4,4‘oxydiph 
thalic anhydride (ODPA) (([3-CN)APB-ODPA) and an amor 
phous polyimide such as amorphous polyetherimide (such as 
the commercially available Ultem®). The polyamides 
include but are not limited to odd-numbered nylons. The 
vinyl polymers include but are not limited to PVDF, PVDF/ 
TrFE (copolymer of vinylidene ?uoride and tri?uoroethyl 
ene), poly(vinyl alcohol) (PVA), a graft elastomer such as 
that claimed in US. Pat. No. 6,515,077, and vinyl copoly 
mers. The polyacrylates include but are not limited to 
poly(methyl methacrylate) (PMMA). The biopolmers 
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include but are not limited to polypeptides and keratin. Any 
one or more solvents suf?cient to dissolve the one or more 

polymers of interest and make a spinnable solution can be 
utiliZed. Suitable solvents include but are not limited to 
N,N-Dimethylformamide (DMF), N,N-Dimethylacetamide 
(DMAc), N-methylpyrrolidinone (NMP), toluene, and 
cosolvents including but not limited to DMF/acetone. The 
polymer can be electrospun into ?ber and ?brous nonWoven 
mat forms. The availability of electroactive polymer ?bers 
and ?brous nonWoven mat Will enable many neW applica 
tions for electroactive polymers. 

[0011] The present invention alloWs for the production of 
electroactive polymers using a simple set-up and a process 
ing method that is fast and easy to run. Additionally, 
electroactive ?bers can be created that are only nanometers 
in diameter. In situ induction of polar phase and spontaneous 
dipolar orientation of electroactive polymers by a single step 
electrospinning process produces electroactive polymers 
from a polymer solution. The need for direct contact or 
corona ?led poling is eliminated, resulting in arc-free pro 
cessing. Further, nano?bers and ?brous nonWoven mats are 
produced With minimal pre- and post-processing. Enabling 
materials are provided for a Wide expanse of applications in 
such ?elds as aerospace, biomedical, military and environ 
mental. 

[0012] Additional objects and advantages of the present 
invention are apparent from the draWings and speci?cation 
Which folloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 is a schematic of one embodiment of an 
electrospinning apparatus. 

[0014] FIG. 2 is a schematic of one embodiment of an 
electrospinning apparatus. 

[0015] FIG. 3 illustrates Differential Scanning Calorim 
etry (DSC) measurements for PVDF dissolved in DMF. 

[0016] FIG. 4 illustrates X-ray Diffraction (XRD) results 
for PVDF dissolved in DMF. 

[0017] FIG. 5 illustrates Infrared Spectroscopy (IR) 
results for PVDF dissolved in DMF. 

[0018] FIG. 6 illustrates Thermally Stimulated Current 
(TSC) results for PVDF dissolved in DMF. 

[0019] FIG. 7 illustrates the siZe and proportion of ?bers 
versus droplets produced for PVDF dissolved in DMF, for 
varying PVDF concentrations. 

[0020] FIG. 8 illustrates the results for voltage variation 
for PVDF dissolved in DMF. 

[0021] FIG. 9 illustrates results for PVDF dissolved in 
DMF, for distance variation betWeen needle and collector. 

[0022] FIG. 10 illustrates results for PVDF dissolved in 
DMF, for varying infusion rates. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0023] According to the process of the present invention, 
a solution is provided Which comprises one or more poly 
mers having polariZable moieties dissolved in a solution. 
Polymers With polariZable moieties have asymmetric strong 
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dipoles. Suitable polymer classes include but are not limited 
to polyimides, polyamides, vinyl polymers, polyurethanes, 
polyureas, polythioureas, polyacrylates, polyesters, and 
biopolymers. The polyimides include but are not limited to 
2,6-bis(3-aminophenoxy)benZonitrile (([3-CN)APB)/4, 
4‘oxydiphthalic anhydride (ODPA) (([3-CN)APB-ODPA) 
and amorphous polyimides such as amorphous polyether 
imide (such as the commercially available Ultem®). The 
polyamides include but are not limited to odd-numbered 
nylons. The vinyl polymers include but are not limited to 
PVDF, PVDF/TrFE (copolymer of vinylidene ?uoride and 
tri?uoroethylene), poly(vinyl alcohol) (PVA), a graft elas 
tomer such as that claimed in US. Pat. No. 6,515,077, and 
vinyl copolymers. The polyacrylates include but are not 
limited to poly(methyl methacrylate) (PMMA). The 
biopolmers include but are not limited to polypeptides and 
keratin. Any one or more solvents suf?cient to dissolve the 
one or more polymers of interest and make a spinnable 
solution can be utiliZed. Suitable solvents include but are not 
limited to N,N-Dimethylformamide (DMF), N,N-Dimethy 
lacetamide (DMAc), N-methylpyrrolidinone (NMP), tolu 
ene, and cosolvents including but not limited to DMF/ 
acetone. 

[0024] Doping the one or more polymers With inclusions, 
such as nanotubes, nano?bers, and pieZoceramic poWders 
for dielectric enhancement Would be advantageous. The 
inclusions can be induced prior to electrospinning using 
processes knoWn in the art. 

[0025] Referring noW to the drawings, and more particu 
larly to FIG. 1, an electrospinning apparatus, generally 
knoWn in the art, is referenced generally by numeral 10. A 
housing 110, such as a benchtop fume hood having a 
ventilated shell, encloses the entire electrospinning process, 
and ensures protection from haZardous solvent fumes as Well 
as electric ?elds. A high voltage supply 120 (such as that 
manufactured by Spellman High Voltage Electronics Corp.) 
charges the polymer solution contained in a syringe (such as 
that manufactured by Becton Dickinson) With a voltage in 
the range of approximately 0 to 30 kilovolts (kV). The 
voltage can be applied to the syringe needle 130 via an 
alligator clip 140 or other suitable connection. At a prede 
termined distance from the needle 130 tip (generally 
approximately 3-10 inches), a grounded collector 150 is 
suspended so that the collector 150 is generally approxi 
mately perpendicular to the needle 130. The collector can be 
customiZed in siZe and shape depending on the particular 
morphology and pattern desired. Grounding is required, 
although the collector 150 may be positioned betWeen the 
needle 130 tip and ground. Any material for the collector is 
suitable, including both conductive and nonconductive 
materials. Examples of suitable materials include but are not 
limited to glass and metals, Wherein the metal may be 
coated, such as With Te?on®, to make material removal 
easier. The glass may also be coated, such as With Indium 
Tin Oxide (ITO), for enhanced conductivity. Any material 
and associated coating is suitable, as long as a potential can 
be provided betWeen the needle 130 tip and the collector 150 
substrate. The charge on the solution eventually overWhelms 
the surface tension of the solution, and a jet is ejected from 
the needle 130 tip 140 in the direction of the collector 150. 
During jet travel, the solvent evaporates and the remaining 
solid polymer ?ber is deposited on the collector 150. Fibers 
accumulate and spread on the collector 150, as long as the 
needle 130 tip is continually supplied With polymer solution, 
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such as via a syringe infusion pump 160 (such as that 
manufactured by Fisher Scienti?c). It is advantageous for 
the solution to be infused at a selected rate automatically. 

[0026] The spun product is alloWed to dry until solvent 
free. Drying time should be sufficient to alloW solvent 
evaporation to occur. Drying may occur in a vacuum oven 
or at room temperature. 

[0027] In an alternate embodiment, referenced generally 
in FIG. 2 by the numeral 200, the electrospinning apparatus 
comprises a rotating collector 210. The collector 210 is 
attached to base 220 and rotates about its longitudinal axis, 
such as via a motor 230 and shaft 240 coupling. Alterna 
tively, the collector 210 can move laterally along the base, 
such as by a lead screW 250 attached to a second motor 260 
to alloW for full coverage of the collector 210. Again, 
various collector 210 geometries can be utiliZed as needed 
for particular morphology and pattern applications. 
Examples include but are not limited to a rotating plate, 
cylinder, or patterned substrate. Rotation can occur at steady 
or variable speed, and can be utiliZed to induce preferential 
alignment of the ?bers. 

[0028] An additional embodiment of the electrospinning 
apparatus includes the incorporation of a heater to regulate 
temperature of the electrospinning environment. 

[0029] The polymer solution is electrospun to produce 
?bers of approximately 10 nm to approximately 10 pm in 
diameter, as Well as ?brous nonWoven mats of customiZable 
siZe, shape, ?ber orientation, and thickness. Depending on 
the spun product desired, the collector 160 is designed 
accordingly. Parameters in the processing include infusion 
rate, applied voltage, collector’s material and rotation and/or 
translation speed, distance betWeen the needle 140 tip and 
collector 160, and drying time. 

[0030] Parameters suf?cient to form dry, uniform diameter 
solid ?bers are preferred, and are customiZed based on the 
polymer of interest. The concentration of polymer in solu 
tion generally correlates With ?ber siZe, With loWer concen 
trations producing smaller diameter ?bers. Additionally, the 
siZe and proportion of ?bers versus droplets generally 
increase With increase in concentration. Voltage Will gener 
ally be in the approximate range of 5 to 30 kV, and is 
adjusted to achieve the volume and diameter of ?bers 
desired. Distance betWeen the needle 140 tip and collector 
160 Will generally be 3-10 inches. It is desirable to have an 
infusion rate that delivers the appropriate amount of solu 
tion, With balancing of the infusion rate and applied voltage 
to maintain a pendant drop of solution at the tip of the 
noZZle. Infusion rates Will generally be approximately 
betWeen 3 and 10 mL/hr. 

[0031] The folloWing examples are illustrative of the 
present invention, and are not intended to limit the ambit 
thereof. 

EXAMPLE 1 

(PVDF/DMF) 
[0032] PVDF pellets (MW 530,000, Aldrich Chemical 
Company, Inc.) Were dissolved into solvent DMF at a 
concentration of 30 Weight percent (Wt %) PVDF. The 
solutions Were electrospun into ?bers using the apparatus 
illustrated in FIG. 2. The polymer resins Were delivered to 
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the system using a plastic syringe (Becton Dickinson) 
equipped With an 18-gauge blunt needle tip. Metered infu 
sion of the solution into the system Was accomplished With 
a digitally-controlled syringe pump (KD Scienti?c, model 
100). Voltage Was applied to this supply system via an 
alligator clip connected to the needle and to a high voltage 
poWer supply unit (Spellman High Voltage Electronics Cor 
poration, model CZE 1000R). The grounded target Was a 
rotating drum, Which imparted some degree of ?ber orien 
tation to the collected mat. For these experiments, the 
infusion pump Was set to deliver polymer resin at a rate of 
6.0 milliliters per hour (mL/hr). Distance betWeen the needle 
tip and the grounded target Was held constant at approxi 
mately 23 centimeters The applied voltage Was varied 
at 10 kV, 15 kV, and 20 kV, resulting in applied electric ?elds 
of 0.44 kV/cm, 0.66 kV/cm, and 0.87 kV/cm, respectively. 
Fiber morphology and siZe Were assessed by optical micros 
copy (OM) and scanning electron microscope (SEM) 
(JEOL, model 6400). 

Differential Scanning Calorimetry Analysis (DSC) 

[0033] Differential scanning calorimetry (DSC) measure 
ments Were completed using a Perkin Elmer Pyris 1 calo 
rimeter. Film and electrospun mat samples ranged in mass 
from 3.0 to 6.0 milligrams (mg); PVDF pellet and commer 
cial ?lm samples Were 5.0 to 11.4 mg. The thermal program 
consisted of heating from —65° C. to 250° C. at a rate of 10° 
C./min. Heat How Was recorded for all samples. Melt 
temperature (Tm), de?ned as the temperature at the maxi 
mum of the endotherm, and heat of fusion (AH), de?ned as 
the area of the melt peak, Were determined from the ?rst 
heat. 

[0034] DSC analysis Was used to indicate degree of crys 
tallinity and speci?c crystal form present in the PVDF 
samples. Table 1 summariZes the DSC results for [3-phase 
PVDF (commercially-purchased stretched and poled ?lm), 
ot-phase PVDF (commercially purchased pellets), and elec 
trospun ?bers. It Was observed that the value of the main 
melting point Trn for the 15 kV and 20 kV electrospun ?bers 
Was higher than that of the pellets and closer to that of the 
commercial PVDF ?lms. Trn of the 10 kV electrospun ?bers 
Was similar to that of the ot-phase pellets. This indicates that 
the 15 kV and 20 kV electrospun ?bers exhibit [3-phase. The 
same Was true for the AH, Where all three electrospun cases 
shoWed values comparable to the stretched and poled 
[3-phase commercial ?lms. DSC results for the three spun 
cases are summariZed in FIG. 3, Where samples are identi 
?ed by applied voltage during electrospin processing. 

TABLE 1 

DSC results. 

First heat 

Material Form Tm (0 C.) AH (J/g) 

MSI Poled [5-form 165.763 53.954 
melt-cast, Film 
poled 
MSI Unpoled |3- 168.270 59.687 
melt-cast, form Film 
unpoled 
Aldrich ot-form Pellets 158.950 26.14 
Pellets 
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TABLE l-continued 

DSC results. 

First heat 

Material Form Tm (° C.) AH (J/g) 

30 wt % electrospun 154.260" 51.900 
Aldrich ?bers (10 kV) 158.123 
in DMF 
30 wt % electrospun 156.099" 49.294 
Aldrich ?bers (15 kV) 166.084 
in DMF 
30 wt % electrospun 157.083" 53.360 
Aldrich ?bers (20 kV) 165.100 
in DMF 

"Shoulder on lower side of Tm. 

[0035] As illustrated in FIG. 3, the DSC of the electrospun 
?bers exhibits a shoulder on the melt peak. This shoulder 
present on the low side of the melting temperature was more 
pronounced for the 15 kV and 20 kV cases and may indicate 
the co-existence of both ot-phase and [3-phase in varying 
proportion in the electrospun ?bers. Since both processing 
conditions and thermal history in?uence melting tempera 
ture and heat of fusion of a polymer sample, other charac 
terization techniques (such as FTIR, XRD and TSC below) 
were used to make more de?nitive conclusions. 

X-Ray Diffraction Analysis (XRD) 

[0036] X-ray diffraction (XRD) was performed using a 
Philips Analytical X’Pert Pro X-ray Diffraction System with 
a step size of 0.0080° 20 and scan step time of 120 seconds. 
The range of interest for the measurements was for 20 
between 10 and 40°. The phases present in the ?lms were 
determined by examining the characteristic absorption 
bands of the respective crystalline phases. 

[0037] An assessment of the degree and type of crystal 
linity of the three electrospun samples using XRD data 
supports the ?ndings of the DSC data. FIG. 4 illustrates that 
the peaks in all four cases (pellets, 10 kV, 15 kV, and 20 kV) 
suggest that both a-phase and [3-phase are present in the 
?bers. The data also show that the 20 peak location and 
intensity depend on polymer processing conditions. Char 
acteristic ot-phase peaks are seen at 20 values of 18°, 20°, 
and 27°. Characteristic [3-phase peaks are located at 20 
values of 204° and 37°. All three electrospun cases show a 
decrease in ot-phase character in favor of [3-phase. In the 10 
kV case, the 18° peak disappeared. The peak that was at 20° 
shifted to 204°, indicating a transformation from (X to [3. In 
comparison, the 15 kV case shows a much smaller [3-phase 
peak at 204°, still displays a large ot-phase peak at 18°, and 
exhibits no hint of a [3-peak at 37°. Furthermore, none of the 
electrospun cases exhibit the characteristic ot-phase peak 
27°. 

[0038] XRD data clearly con?rm the DSC results. The 
presence of a shoulder on the low end of the melt peak seen 
in DSC corresponds to the ?nding by XRD that a second 
crystalline form is present in the electrospun ?bers. This 
shoulder is attributed to [3-form. In mixed systems, [3 form 
has smaller re?ections than (X-fOI‘IIl, which are dominant, so 
detecting small amounts of [3-form becomes dif?cult. 
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Fourier Transform Infrared Spectroscopic Analysis (FTIR) 

[0039] Infrared spectroscopy (IR) was performed on the 
samples using a ThermoNicolet IR 300 Spectrometer. Data 
analysis was performed with Omnic version 6.2 software. 
The measurements were taken from 600-1500 wavenumbers 

(cm-1) with 128 scans performed per sample. Data analysis 
consisted of qualitative visual comparison of intensities of 
characteristic transmittance peaks for PVDF crystalline 
phases. 

[0040] FIG. 5 further con?rms that electrospinning 
induces formation of the [3-phase in PVDF and suggests 
orientation of the [3-phase. Characteristic ot-phase peaks at 
614, 762, 795, and 975 cm“1 are evident in only the ot-phase 
and unpoled [3-phase ?lm samples. For clarity, peaks at 762, 
795, and 975 cm“1 are detailed in the insets. ot-phase peaks 
are absent in all three electrospun cases. Strong peaks at 840 
and 1280 cm_1, which indicate [3-phase PVDF, are present in 
all samples except the ot-phase ?lm sample. These peaks are 
nearly as strong for the electrospun cases as they are for the 
poled [3-phase ?lm sample. The similarity between the poled 
[3-phase ?lm and all three ?ber cases suggests that electro 
spin processing causes orientation of the poled [3-phase. 
Note that evidence of some ot-phase in the unpoled [3-phase 
?lm sample is unexpected but indicates incomplete conver 
sion from (X to [3 phase during stretching. 

Thermally Stimulated Current Analysis (TSC) 

[0041] A SETARAM TSC 3000, automated Thermally 
Stimulated Current (TSC) equipment, was used to track the 
relaxation processes in the polymeric ?lms and ?bers. Heat 
ing of the sample at a constant rate accelerates the real 
charge decay, which can be observed as a current release. 
The current as a function of temperature was measured by a 
sensitive electrometer connected to the electrodes. No addi 
tional poling was performed on any of the samples between 
initial electrospin processing and TSC analysis. All samples 
were subjected to the same cycle. The samples were heated 
from 25° C. to 150° C. at a rate of 2° C./min. 

[0042] Thermally Stimulated Current (TSC) measures the 
release of stored dielectric polarization in the form of charge 
or current. Because piezoelectricity in PVDF arises from 
orientation polarization of the —CF2— dipoles in the polar 
phase, TSC analysis can be used to reveal the presence of 
this orientation polarization current peak. The peak was 
shown to shift from 90° C. to 130° C. as more perfect and 
thermally stable crystallites are formed [13]. Asecond peak, 
due to space charge release, typically occurs at higher 
temperatures. 

[0043] FIG. 6 shows the depolarization current spectrum 
of the electrospun 15 kV ?bers next to the current spectrum 
of a stretched, poled PVDF ?lm (MSI). The depolarization 
current spectrum of the 15 kV sample is consistent with 
poled and stretched PVDF ?lms. The peak centered at 120° 
C. is consistent with orientation polarization in [3-phase 
PVDF, and is due to relaxation of dipoles in the crystalline 
regions. A second peak centered around 145° C. is most 
likely due to space charge, coupled with onset of crystallite 
melting. 
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[0044] To assess the potential pieZoelectricity of the 15 kV 
?bers, the pyroelectric coef?cient, p, Was calculated using 
the following equation: 

Where I is the depolarization current, A is the area of the 
electrode, and dT/dt is the heating rate during TSC. The 
pyroelectric coef?cient Was measured With respect to current 
released up to 140° C., since the peak of interest is the 
orientation polariZation peak located beloW this temperature. 
The measured pyroelectric coef?cient Was 1.5><10_5 C./° 
C.—m for the 15 kV ?bers. Values for stretched, poled PVDF 
are typically in the range of 2.0—3.5><10_5 C./° C.—m2. 

EXAMPLE 2 

[0045] PVDF solutions in the solvent DMF With and 
Without single Wall nanotubes (SWNTs) Were electrospun at 
various concentrations, as outlined in Table 2. PVDF pellets 
(MW 530,000, Aldrich Chemical Company, Inc.) Were dis 
solved into DMF at a concentration of 30 Weight percent (Wt 
%) PVDF. A SWNT stock solution (1% W/W) in DMF Was 
prepared to mix With PVDF/DMF solution to prepare vari 
ous compositions of SWNT/PVDF/DMF solutions. The 
solutions Were electrospun into ?bers using the apparatus 
illustrated in FIG. 2. The polymer resins Were delivered to 
the system using a plastic syringe (Becton Dickinson) 
equipped With an 18-gauge blunt needle tip. Metered infu 
sion of the solution into the system Was accomplished With 
a digitally-controlled syringe pump (KD Scienti?c, model 
100). Voltage Was applied to this supply system via an 
alligator clip connected to the needle and to a high voltage 
poWer supply unit (Spellman High Voltage Electronics Cor 
poration, model CZE 1000R). The grounded target Was a 
rotating drum, Which imparted some degree of ?ber orien 
tation to the collected mat. For these experiments, the 
infusion pump Was set to deliver polymer resin at a rate of 
6.0 milliliters per hour. Distance betWeen the needle tip and 
the grounded target Was held constant at approximately 23 
centimeters The applied voltages Were 10 kV, 15 kV, 
and 20 kV, resulting in applied electric ?elds of 0.44 kV/cm, 
0.66 kV/cm, and 0.87 kV/cm, respectively. Fiber morphol 
ogy and siZe Were assessed by optical microscopy (OM) and 
scanning electron microscope (SEM) (JEOL, model 6400). 

TABLE 2 

Concentrations in Wt % of solutions in DMF 

PVDF SWNT 
Wt % WT % 

15 0 
20 0 
25 0 
30 0 
35 0 
15 0 1 
15 1 0 
25 0 1 
25 0 2 
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[0046] The varying concentrations of PVDF and PVDF 
With SWNT shoWn in Table 2 Were spun onto Indium-Tin 
Oxide (ITO) coated glass plates and standard glass micro 
scope slides utiliZing the electrospinning apparatus illus 
trated in FIG. 1. Numerous trials Were competed With 
varying concentrations of PVDF and SWNTs. Voltage, dis 
tance betWeen noZZle and grounding plate, infusion rate, and 
collection medium type Were varied. 

[0047] The 30 Wt % PVDF Was also spun onto a rotating 
roller to produce an oriented ?brous mat, using the apparatus 
of FIG. 2. The roller Was a holloW metal cylinder ?xed on 
an axis that rotated at varying speeds. The cylinder Was 
moved from side to side as Well, to ensure complete cov 
erage of the length of the roller. 

[0048] Once spun, on either plates or the roller, optical 
microscopy Was completed at 100>< and 200>< magni?cation 
using an Olympus BH-2 optical microscope in conjunction 
With Scion Image, v. 1.62, softWare. These images Were 
utiliZed to compare and observe trends as a function of 
electrospinning parameters. 

[0049] Mats spun on a roller Were dried in a vacuum oven 
at 60° C. overnight or over a Weekend. The vacuum oven 

removed any remaining DMF solvent from the ?bers. Sol 
vent vapors Were alloWs to How over dry ice, Were con 
densed into liquid form, and Were then contained in a liquid 
trap. Once dried, the PVDF mats Were prepared for Differ 
ential Scanning Calorimetry (DSC), Thermogravimetric 
Analysis (TGA), and Dynamic Mechanical Analysis 
(DMTA) by cutting to appropriate siZe. 

[0050] The concentration of PVDF in DMF solution cor 
related With ?ber siZe. The loWest concentration, 15 Wt %, 
produced Wet ?bers With a small diameter. The siZe and 
proportion of ?bers versus droplets produced increased as 
concentration Was increased, as shoWn in FIG. 7. It Was 
determined that a concentration of 30 Wt % PVDF produced 
the best quality ?bers as determined by desirable morpho 
logical features such as the ?ber dryness and the number of 
?bers present as compared to solution droplets. FIG. 7 also 
indicates that the substrate material had little effect on ?ber 
formation. 

[0051] Various electrospinning parameters Were examined 
for the 30 Wt % PVDF in DMF solution to determine the 
optimal conditions. Voltage Was varied from 5 kilovolts (kV) 
to 30 kV. As is illustrated in FIG. 8, voltage affected the 
amount of ?bers spun, the amount of solvent that Was 
splattered on the slide, and the diameter of the ?bers. 
Optimum ?bers Were produced at 10 kV. 

[0052] FIG. 9 illustrates results for distance variation. 
Distance Was varied from 5 to 13 inches. When the collect 
ing plate Was close to the syringe, the slides and the ?bers 
groWing off of the edges of the slides Were Wet. Solution 
splattering Was also evident With short distances. As the 
distance Was increased, the plate and ?bers Were less Wet 
and splattering Was minimiZed. In addition, ?bers Were thick 
and prominent. As a maximum distance of 13 inches 
betWeen collecting plate and noZZle Was exceeded, feWer 
?bers attached to the collecting plate; instead attaching to 
some other surface in the hood. 

[0053] Infusion rate Was not a dramatic factor in deter 
mining ?ber morphology. HoWever, in choosing an infusion 
rate, it Was desirable to have a rate that delivered the 
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appropriate amount of solution. The infusion rate must be 
balanced With applied voltage to maintain a pendant drop of 
solution at the tip of the noZZle. In addition, the appropriate 
infusion rate varied With solution viscosity. The infusion rate 
Was varied from 3 to 10 mL/hr for 30 Wt % PVDF. As can 
be seen in FIG. 10, an infusion rate betWeen 6 mL/hr and 9 
mL/hr produced ?bers that did not exhibit excessive 
amounts of Wet solution droplets. If infusion rate exceeded 
9 mL/hr, the solution dripped out of the needle. Furthermore, 
if the infusion rate exceeded 6 mL/hr, the ?bers produced 
Were Wet. For these reasons, 6 mL/hr Was an optimal 
infusion rate. 

[0054] Optimal conditions for 30 Wt % PVDF Were found 
to be a voltage of 10 kV, an infusion rate of 6 mL/hr, and a 
distance of 9 inches from the needle point to the collecting 
plate. 

EXAMPLE 3 

[0055] PVDF combined With carbon nanotubes Was tested 
beginning With 0.1% SWNT in 15 Wt % PVDF and 1.0% 
SWNT in 15 Wt % PVDF. Small and feW ?bers formed. 
When the 1.0% SWNT Was electrospun, black drops fell out 
of the solution as a result of the excessive concentration of 
SWNTs. A 0.1 % SMNT in 25 Wt % PVDF spun Well and 
Was able to be spun onto a rotating roller, producing a 
nonWoven mat Which Was vacuum-dried at 60° C. A non 

Woven mat Was also produced from 0.2% SWNT in 25 Wt % 
PVDF. Optimal conditions for the PVDF solutions With 
carbon nanotubes Were slightly different depending on 
amount of carbon nanotubes and concentration of PVDF. 

[0056] Although the present invention has been described 
relative to speci?c embodiments thereof, there are numerous 
variations and modi?cations that Will be readily apparent to 
those skilled in the art in light of the above teachings. It is 
therefore to be understood that, Within the scope of the 
appended claims, the invention may be practiced other than 
as speci?cally described. 

What is claimed as neW and desired to be secured by Letters 
Patent of the United States is: 
1. An electrospun electroactive polymer. 
2. The electroactive polymer of claim 1, Wherein said 

polymer is a ?ber. 
3. The electroactive polymer of claim 2, Wherein said ?ber 

has a diameter betWeen approximately 10 nm and approxi 
mately 10 pm. 

4. The electroactive polymer of claim 1, Wherein said 
polymer is a ?brous nonWoven mat. 

5. The electroactive polymer of claim 1, Wherein said 
polymer is electrospun from a solution comprising one or 
more polymers having polariZable moieties dissolved in one 
or more solvents, Wherein said one or more solvents dis 
solves the one or more polymers of interest to make a 
spinnable solution. 

6. The electroactive polymer of claim 5, Wherein said one 
or more polymers having polariZable moieties is selected 
from the group consisting of polymides, polyamides, vinyl 
polymers, polyurethanes, polyureas, polythioureas, poly 
acrylates, polyesters and biopolymers. 

7. The electroactive polymer of claim 6, Wherein said one 
or more polyimides is selected from the group consisting of 
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2,6-bis(3-aminophenoxy)benZonitrile (([3-CN)APB)/4, 
4‘oxydiphthalic anhydride (ODPA) (([3-CN)APB-ODPA) 
and amorphous polyimide. 

8. The electroactive polymer of claim 7, Wherein said 
amorphous polyimide is amorphous polyetherimide. 

9. The electroactive polymer of claim 6, Wherein said one 
or more polyamides is an odd-numbered nylon. 

10. The electroactive polymer of claim 6, Wherein said 
one or more vinyl polymers are selected from the group 
consisting of polyvinylidene ?uoride (PVDF), copolymer of 
vinylidene ?uoride and tri?uoroethylene (PVDF/TrFE), 
poly(vinyl alcohol) (PVA), graft elastomer, and vinyl 
copolymer. 

11. The electroactive polymer of claim 6, Wherein said 
one or more polyacrylates is poly(methyl methacrylate) 

(PMMA). 
12. The electroactive polymer of claim 6, Wherein said 

one or more biopolmers is selected from the group consist 
ing of polypeptide and keratin. 

13. The electroactive polymer of claim 5, Wherein said 
one or more solvents is selected from the group consisting 
of N,N-Dimethylformamide (DMF), N,N-Dimethylaceta 
mide (DMAc), N-methylpyrrolidinone (NMP), toluene, and 
cosolvent. 

14. The electroactive polymer of claim 13, Wherein said 
cosolvent is DMF/acetone. 

15. The polymer of claim 1, further comprising inclusions 
for dielectric enhancement. 

16. The polymer of claim 15, Wherein said inclusions are 
selected from the group consisting of nanotubes, nano?bers, 
and pieZoceramic poWders. 

17. The polymer of claim 16, Wherein said nanotubes are 
selected from the group consisting of single-Walled carbon 
nanotubes and multi-Walled carbon nanotubes. 

18. A process for producing polymeric materials for 
electroactive applications comprising electrospinning of a 
solution comprising one or more polymers having polariZ 
able moieties dissolved in one or more solvents, Wherein 
said one or more solvents dissolves the one or more poly 

mers of interest to make a spinnable solution. 

19. The process of claim 18, Wherein said one or more 
polymers having polariZable moieties is selected from the 
group consisting of polyimides, polyamides, vinyl polymers, 
polyurethanes, polyureas, polythioureas, polyacrylates, 
polyesters and biopolymers. 

20. The process of claim 19, Wherein said one or more 
polyimides is selected from the group consisting of 2,6 
bis(3-aminophenoxy)benZonitrile (([3-CN)APB)/4,4‘oxy 
diphthalic anhydride (ODPA) (([3-CN)APB-ODPA) and 
amorphous polyimide. 

21. The process of claim 20, Wherein said amorphous 
polyimide is amorphous polyetherimide. 

22. The process of claim 19, Wherein said one or more 
polyamides is an odd-numbered nylon. 

23. The process of claim 19, Wherein said one or more 
vinyl polymers are selected from the group consisting of 
polyvinylidene ?uoride (PVDF), copolymer of vinylidene 
?uoride and tri?uoroethylene (PVDF-/TrFE), poly(vinyl 
alcohol) (PVA), graft elastomer, and vinyl copolymer. 

24. The process of claim 19, Wherein said one or more 
polyacrylates is poly(methyl methacrylate) (PMMA). 
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25. The process of claim 19, wherein said one or more 
biopolrners is selected from the group consisting of polypep 
tide and keratin. 

26. The process of claim 18, Wherein said one or more 
solvents is selected from the group consisting of N,N 
Dirnethylforrnarnide (DMF), N,N-Dirnethylacetarnide 
(DMAc), N-rnethylpyrrolidinone (NMP), toluene, and 
cosolvent. 

27. The process of claim 26, Wherein said cosolvent is 
DMF/acetone. 

28. The process of claim 18 Wherein said solution further 
comprises inclusions for dielectric enhancernent. 

29. The process of claim 28, Wherein said inclusions are 
selected from the group consisting of nanotubes, nano?bers, 
and pieZocerarnic poWders. 

30. The process of claim 18, Wherein said polymeric 
material is a ?ber. 
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31. The process of claim 30, Wherein said ?ber has a 
diameter between approximately 10 nrn and approximately 
10 urn. 

32. The process of claim 18, Wherein said polymeric 
material is a ?brous nonWoven rnat. 

33. A process for producing polymeric materials for 
electroactive applications, comprising the in situ induction 
of polar phase and spontaneous dipolar orientation of elec 
troactive polyrners via electrospinning a polymer solution, 
Wherein said solution comprises one or more polyrners 
having polariZable rnoieties dissolved in one or more sol 
vents, Wherein said one or more solvents dissolves the one 

or more polymers of interest to make a spinnable solution. 


