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Several reviews? describe the electrospinning of polymer l _
solutions to make nanofibers with a desired structure, morphol- 1 Window —
ogy, and orientation. While electrospinning is a versatile - EO

technology, there still remains several refractory polymers that
are not amenable to electrospinning due to either an excessively
h'gh polymer solution V'SC_OS'ty' which leads to clogging Of thg Figure 1. Schematic diagram of the high-pressure electrospinning
Sp|nnere.t, or the nonvolatile character Ofthe SOIVent, Wh|Ch IS apparatus used in this Study: :Ppressure gauge, F thermocoup|e'
not readily removed from the nascent fiber. Although high- BPR = back-pressure regulator; ¥ high-voltage dc power supply.
temperature electrospinning might be envisioned to overcome ] ) )
these two limitations, this mode of operation has its own 2€d Wwith a pressure generator. The mixer temperature is
challenges since fiber formation is most easily realized at Méasured and maintained constant to witti@.2 °C. While
operating temperatures below the glass transifighar melting pressurizing the mixer the metering valve is opened and polymer
temperatures. The present study describes the application offolution is delivered to the needle (0.159 cm o.d. by 0.015 cm
near-critical CQ as an electrospinning processing aid to create -d-), and the solution flow rate is determined visually using
fibers with novel morphology readily varied by adjusting the the Sapphire windows on the spinning vessel (5.1 cm i.d.). Prior
operating pressure and temperature. to e_Iectrosplnnlng, Cgis loaded into the spinning vessel to a
There is continued interest for using supercritical fluid (SCF) desired pressure. A back-pressure regulator (Go Inc., model
solvents to process polymers for a variety of market applica- BP66-1A11QEQ161) on the spinning vessel maintains a con-
tions3~7 A significant limitation of SCF technology for polymer stant pressure regardless of the solution flow rate. The target is
processing is that kilobar pressures are needed to dissolve mosg 9/ass tube slipped over copper tubing (0.635 cm o.d.)
polymers in an SCF solveAtowever, it is possible to operate connected to an electrically insulated spark plug (Champion
at low pressures and realize practical processing advantages byPark Plug, part no. F121501). A Spellman model CZE1000R
dissolving the SCF solvent into the polymer-rich phase, which Nigh-voltage power supply is used to apply 20 kV to the spark
lowers solution viscosity by several orders of magnitude, or by PIUg- The entire apparatus is at ground potential, except for the
extracting low molecular weight solvent from the polymer SPaTK plug, sothe target must be closer to the needles cm,
solution, which facilitates the formation of a dry, solid fiber. than the distance to the vessel.wall for the polymer solution to
The present paper describes the use of near-critical ©0 P& drawn to the target. The diameter and morphology of the
electrospin poly(vinylpyrrolidone) (PVP) from PVRlichlo- fibers are d_etermlned by an FEI XL30_ enwronmenta_ll scanning
romethane (DCM) solutions. The formation of PVP fibers is €l€ctron microscope (ESEM) operating at 10 kV in Hi-Vac
directly related to the DCMCO, phase behavior since the .mode..Smce the polymeisolvent solution is not completely
electrospinning operating pressures are well below those neededSulating, weak or local charges are expected to exist on the
to dissolve neat PVP in GOIn addition, when spinning intoa ~ C» H, and Cl atoms in DCM and the N and O atoms in PVP
CO,-rich bath, an open-cell fiber morphology is created with due to the Weak.aC|d|ty of DCM and to PV®DCM interactions.
features that correlate with the operating pressure. The local negative charges .WI|| be drawn. by t'he QIectnc field
Figure 1 shows the pertinent details of the high-pressure, to the target, Whlc_h results in a polymer jet ejecting from the
electrospinning apparatus. Premixed polymer solution of 6.5 wt N€€dle and traveling to the target. o
% PVP (Aldrich Chemical, weight-average molecular weight Solid-core PVP fibers are readily produced by spinning PVP
of 1300 000,T, = 160°C, used as received) in DCM (Fisher DCM solution at ambient conditiori8:11 However, it is not
Chemical, Optima, used as received) is loaded into the mixer, possible to create PVP fiber using the high-pressure apparatus
described in detail elsewheté desired, CQ (Roberts Oxygen at ambient pressures since the needle to target distance is too
Inc., bone dry grade, 99.8% minimum, purity, used as received) short for removal of the DCM before the solution hits the target.
can be transferred into the mixer gravimetrically using a high- With the current apparatus high-pressure,@&racts the DCM
pressure bomb. The polymer solution, mixed by a stir bar from the PVP-DCM solution, and the higher the operating
activated by an external magnet, is compressed to the desired?"€SSUre, the better the solvent power of,@@ DCM. Hence,
pressure, measured with a pressure gauge accurate to withithe formation of PVP fiber is intimately linked with the phase

-+40 psia, by displacing a movable piston using water pressur- behavior of the DCM in C@ Sinc_e experimental data for the
DCM—CO, system are not available at 2Z, the Peng
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Figure 2. Calculated 22°C isotherm for the DCM-CO, system
obtained using the Perdrobinson equation of state with a binary
interaction parameter, 0.050, fit to the 36 data of Panayiotou and
co-workerst3

result shown in Figure 2. Also shown in this figure are the
conditions used for electrospinning.

Figure 3 shows the morphology of the electrospun fibers
obtained when spinning directly into a bath of £& 22°C.

For all of these spinning experiments, the voltage was set at 20
kV and approximately the same flow rate is used. The PVP
fibers at 200 psia exhibit a solid-core structure similar to that
found by spinning PVYP-DCM solution at ambient conditiori3.
Note the fibers spun at 500, 720, and 740 psia exhibit a porous
internal structure with a coherent external skin. The fiber
diameters are on the order of-280 um likely due to the short
needle to target distance for this high-pressure apparatus. It was
not possible to create fibers at pressures abe8@0 psia since
DCM was extracted so quickly from the solution that the needle
clogged.

Several different processes are operational during the spinning
of fibers into CQ. Figure 2 shows that CQeasily dissolves
DCM and large amounts of CQlissolve into the DCM-rich
liquid phase. At a fixed operating pressure Qfissolves into
the PVP-DCM mixture and induces a phase separation, which
likely occurs via spinodal decompositiithat sets up the initial
polymer-rich, liquid network structure. Given that a typical fiber
shown in Figure 3 has a radius 6f10 um, the time for the
mass uptake of COto reach 50% of its final value in a
cylindrical, PVP-DCM liquidlike fiber is less than 0.06 ',
assuming that the diffusion coefficient for G®co,) is ~106
cn¥/s, which is slightly lower than that for a gas diffusing into
a liquid. Even withDco, = 10"7 cnfs, CO; reaches 50% of its  Figure 3. SEM images of the PVP fiber morphologies obtained by
final value in less than 0.6 8. The fiber rapidly develops a  spinning into a bath of pure GQit 22°C and (A) 200, (B) 500, (C)
skin as DCM is extracted from the surface of the nascent fiber 720, and (D) 740 psia. The voltage potential is set at 20 kV, and the
where the plasticizing effect of DCM is diminished, and the Solution delivery rate is the same for all three cases.
effective Ty of PVP quickly surpasses the operating temperature. o ) ) )
Simultaneously, C@replaces DCM in the PVP which causes electrospinning process is whether the_magmtude c_>f the dl_fferent
the PVP to swell and also lowers the effectiVg of PVP, rates of each of these effects can be tailored to design the internal

although the plasticizing effect of DCM is expected to be greater and external_fiber morphologies. A limitation of the benefi_cial
than that of C@.13-18 A porous, open-cell structure is set up in effect of CQis reach_ed at pressures greater than_the maximum
the interior of the fiber as a result of the large amounts opCO Pressure of the 22C isotherm. At this point DCM is miscible

in the PVP-DCM solution and the lowered interfacial tension With CO, in all proportions so that Coreadily extracts the

of the PVP-DCM—CO, phase relative to the GODCM DCM_ out of the solution, which unfortunately causes the
phase. This open-cell structure is frozen in as sufficient amountsSolution to clog the needle.

of DCM are removed by C&to increase the effectivg, above The high-pressure electrospinning cell is currently being
the operating temperature. Essentially £Cf8ts as a porogen  redesigned to isolate electrically the charge on the needle from
that helps create the interior porous structure although 2@ that on the target. With this new design it will be possible to
less of an effect on the rapidly formed exterior skin of the fiber, increase the needle to target distance to allow more time for
which has a very low concentration of DCM. @& easily the near-critical fluid to extract the solvent and to create
removed from the fiber when the pressure is released at thenanofibers. It is important to recognize that extreme pressures
end of the experiment. The key question for this £8sisted are not needed to tailor a specific morphology when usir@Dzi/
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near-critical fluid, such as COThe effective removal of the (4) Mandel, F. S.; Green, C. D.; Scheibelhoffer, A. S. Method of
solvent from the polymer solution depends on the partitioning preparing coating materials. 5,399,597, March 21, 1995.

of the liquid solvent between the PVP-rich phase and the-CO (9 Mokl 1. A5 Kkoni, v 3 Superertical P Exvacton:
rich phase. Solubility levels will be fixed by the type of 1994; p 512.

intermolecular interactions between the components in each (6) Kazarian, S. GJ. Polym. Sci., Ser. @00Q 42, 78—101.

phase. Further experiments are in progress to demonstrate the (7) Kikic, I.; Vecchione, FCurr. Opin. Solid State Mater. S@003 7,
impact of the organic solvent used for the polymer solution on 399-405.

the resultant fiber morphology. Also, although not demonstrated ~ (8) Kirby, C. F.; McHugh, M. A.Chem. Re. 1999 99, 565-602.

; ; ; (9) Meilchen, M. A.; Hasch, B. M.; McHugh, M. AMacromolecules
here, CQ can be loaded into the mixer section of the apparatus 1001, 24, 48744882,

to lower the solution viscosity, making it possible to spin (10) Bognitzki, M.. Czado, W.: Frese, T.: Schaper, A.; Hellwig, M.:

normally viscous polymers and polymer solutions. Steinhart, M.; Greiner, A.; Wendorff, J. Hidv. Mater. 2001, 13,
70-72.
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