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Abstract: Electrospinning is one of the most popular methods to produce nanofibers. It has also
genuine successes in numerous applications. However, some polymer with high viscosity can not be
electrospun in a satisfactory way. Poly (butylene succinate) (PBS)/ chloroform (CE) solution is used
to prepare for ultrafine fibers, as the concentration of PBS/CF increases, morphology evolves from
beads to ultrafine continuous fibers, and when concentration exceeds 15%, traditional electrospinning
does not work satisfactorily. An ultrasonic vibration with frequency of 400kHz is then added to the
mixed solution, as a result, the solution behaves like polymers for electrospinning, ultrafine PBS fibers
are obrained.
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I. INTRODUCTION

This work is concerned with showing the possibility of producing ultrafine fibers from
solutions with high viscosity or even in gel state, which is difficult to be spun by traditional
electrospinning, by vibration technology. Electrospinning is a simple but powerful method
for making very thin polymer fibers [1-20], but not every polymer can be prepared for
electrospinning. Generally speaking solution of polymer with too low or too high molecule
weight (dilute unentangled or concentrated entangled solutions) can not be electrospun
into continuous fibers [21].

Chain entanglements are one of many parameters that can significantly influence
fiber formation during polymer electrospinning [22]. At polymer concentrations higher
than the critical concentration, above which polymer entanglement can occur, it was
found polymer fibers could be electrospun, provided the spin-dope solution was
sufficiently viscous [23].

Mathew et al. expanded the range of this technique by making fibers from small
molecules, namely phospholipids[1]. Mathew et al. showed that at concentrations above
the onset of entanglements of the wormlike micelles, electrospun fibers were fabricated
with diameters on the order of 1 to 5 micrometers[1].
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In this paper we expand its application to macromolecules, high-concentration PBS/
CF solution, which can not be electrospun by traditional electrospinning, by vibration
technology. Vibration-electrospinning was first suggested theoretically in Ref.[24], the
novel strategy produces finer nanofibers than those obtained without vibration[25], and
this paper shows that the technology can produce nanofibers which can not be done by
traditional electrospinning.

II. THEORETICALANALYSIS

The influence of polymer rheological behavior, concentration, viscosity, and chain
entanglement on the electrospinning process has been studied by many authors [17, 18,
22, 23, 26-30]. In our previous theoretical analysis, we have the following scaling
relationships [21]:
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where d is the average diameter of the electrospun fibers, 1 viscosity, C concentration,
M molecular weight, the scaling exponents a, b, and ¢ might differ between different

polymers, for example d oc /2 for acrylic solution [31], d «c ™ and ( oc C3? for poly
(methyl methacrylate)[26], d o« C>’ for PDMAEMA-HCL (0.1wt% APS) solution[27],
docp°®and d oc C26 for linear and branched PET-co-PEI solutions [28]. For good
solvents, de Gennes[32] suggested
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where vy is the Flory exponent (0.5 for theta solvents and 0.66 for good solvents) [26].
Colby et al. [33,26] predicted experimentally an even stronger viscosity dependence on

concentration 7 oc C*2.

The scaling relationships between viscosity and concentration for polyelectrolyte
solutions in the semidilute unentangled, semidilute entangled, and concentrated regimes
are [27]

Cc%, C'<C<C,
noc{C® C,<C<C,
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where C,is the entanglement concentration, C, marks the onset of the concentrated
regime.
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The viscosity is related to molecular weight is called Mark-Houwink-Sakurada
equation.

The viscosity scales allometrically with oscillation frequency [24,25]:

necw? )
where B is a scaling exponent that varies with the polymer’s characteristics. For PMMA
solution at 239°C Ibar’s experiment[34] showed 7 oc w2/%. Our experiment [25]

revealed 7 oc @ 110 for PAN/DMF solution, see Figs. 1 and 2.
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Fig.1 Solution viscosity (77 ) of PMMA vs. the vibration frequency (®) [34]

When an oscillatory shear was imposed on the polymer sample, the resulting chain
orientation leads to a new environment in which the initially well-entangled chains manage
to disentangle inhomogeneously[35], as a result dramatic reduction in viscosity occurs.

So the oscillation leads to finer electrospun fibers than those electrospun without
oscillation.
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Fig.2 18%(Wt%)PAN/DMF solution viscosity via vibration frequency[25]

III. EXPERIMENT

Material: Poly(butylene succinate) (PBS) with a molecular weight of 250,000 was
supplied with Shanghai Institute of Organic Chemistry, CAS and chloroform was
purchased from Shanghai Chemical Co..

Instrumentation: Ultrasonic generator SFSA-1(Shenbo Ultrasonic Device Co. Ltd.)
was used to apply ultrasonic vibration on solution at 400kHz. Electrospinning experiment
was separately carried on with our set-ups shown in Fig. 3 (a and b).

PBS was dissolved in chlorform at concentration 15 wt%. The obtained solution was
divided into 4 parts(soluton A, solution B, solution C and solution D). Solution A was
reserved under normal circumstance, solution B was taken to spin without ultrasonic
vibration applied, solution C was vibrated by ultrasonic generator and then reserved
under normal circumstance, solution D was taken to spin under ultrasonic vibration.
After one day, solution C was turned out to be solution A.

Electrospun fiber diameter and morphology were analyzed using a
JSM-5600LV Scanning Electron Microscopy (SEM). Fifty measurements on random
fibers for each electrospinning condition were preformed and average fiber diameters
are reported.
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Fig. 3: Electrospinning set-up.

(a) Traditional electrospinning set-up without vibration

(b) vibration-electrospinning (this apparatus was patented: Wan, Y.Q., Zhang, J.,
He, J.H,, Yu, J.Y., CHN Patent 200420020596.3, to use this principle to prepare
electrospun fibers, transfer agreement must be made).

Electrospinning Process: The mixed solutions were placed in a 20 mL syringe.
The positive lead of a high voltage power supply (F180-L; Shanghai Fudan Middle
School Affiliated Factory) was connected to the 7-gauge syringe needle via an alligator
clip. A grounded metal target was placed 8 cm from the needle tip. The polymer solution

flowed by its gravity without an original flow rate given, and the voltage was maintained
at 15 kV.

IV. RESULTS AND DISCUSSION

Solution A evolved from transparent solution (see Fig. 4(a)) to coagulated solution and
finally became white colloid after one day’s reservation(see Fig. 4(b)). Due to the vibration
effect, solution C became diluter than solution A. Solution B was spun without ultrasonic
generator, see Fig. 3(a). Solution B could not flow fluently and quickly coagulated at the
needle tip, as a result fibers with beads are produced, see Fig.5 (a).

Solution D was spun with an ultrasonic generator, see Fig.3(b). Solution D could
flow fluently through the needle tip under the vibration. Uniform ultrafine threads of
polymers were emitted from jet by vibration-electrospinng process, see Fig.5(b).
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Fig. 4: PBS/CF solution A (a) transparent solution; (b) coagulated solution
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Fig.5: 15% PBSI/CF electrospun nanofibers. (a) without vibration;
(b) with ultrasonic vibration

When an oscillatory shear was imposed on the polymer solutions, the resulting chain
orientation leads to disentangle inhomogeneously in space. When a voltage is applied to
the oscillating solutions, the disentangled chains become homogeneous in space , see
Fig. 6. As a result dramatic reduce in viscosity occurs, and much smaller fibers are
electrospun.
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(a) Entangled macromolecules
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(¢) vibration and electric fields are applied

Fig.6 Physical Representation of the Entangled Macromolecules under
Vibration and Electric Fields

In absence of oscillation, the solutions can not be electrospun when the concentration
reaches higher than 15%. As the concentration of PBS/CF solution decreases, morphology
evolves from bead-like spheres linked with few fibers to ultrafine continuous fibers, to

continuous fibers with beads, and finally to beads only when the solution become dilute
unentangled, see Fig. 7

In presence of oscillation, the concentrated entangled regime is converted into
concentrated regime, so that continuous fibers can be electrospun.The oscillation can ,

of course, converts the coagulated regime into concentrated entangled regime. So the
oscillation enlarges electrospinability.
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Fig.7: Electrospinability of Different Concentrations

CONCLUSIONS

Vibration-electrospinning can produce much smaller fibers than those obtained without
vibration, furthermore, the obtained fibers are more uniform without any beads, see
Fig. 5.

The theoretical prediction in Ref.[24] agrees excellently with experiments, which
amounts to a strong evidence of the physical reality of vibration-electrospinning theory.
Based on this theory the electrospinning can be applied to various polymers. Far-reaching
implications of this technology are emerging for applications including medical implants,
cell supports, and materials that can be used as instructive three-dimensional environments
for tissue regeneration.

Our aim of vibration-electrospinning is to prepare for electrospun nanofibers with
diameter of less than 100 nanometer. At such a scale many fascinating quantum-like
phenomena occur[36]. How to control morphology of electrospun nanofibers at the
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scale of 100 nm or less is the forefront topic in electrospinning, which is a technology
applied in the grey area between classical mechanics and quantum mechanics [37].

In nano-scale (<100nm), nano-effect arises similar to that in quantum world [36].
For example, unusual current conduction properties arise when the size of wires are
reduced below certain critical tickness (nano-scale), smaller wires may conduct more
current. This nano-effect is very much similar to Arnold diffusion, the higher the
dimensionality the stronger Arnold diffusion is [38].

Similar to the Hall-Petch relationship, the fiber strength depends upon fiber diameter
in nano-scale (from few nanometers to tens of nanometers) [39]:

TZTO-FW (7)

where kis the fitting parameter (a material constant), 7, is the strength for bulk material,

d is the fiber diameter, 0<d <100nm.

ACKNOWLEDGEMENT

The authors thank for two unknown reviewers for their careful reading and helpful
comments. This material is based on work supported by National Natural Science
Foundation of China under the grand No. 10372021 and by the Program for New Century
Excellent Talents in University. The experiment is done in Donghua University by Yu-
Qin Wan, under the guideline of Prof. Ji-Huan He.

References

[1] Matthew G. McKee, John M. Layman, Matthew P. Cashion, and Timothy E. Long.
Phospholipid Nonwoven Electrospun Membranes, Science, 311(2006), 353-355.

[2] DzenisY. Spinning Continuous Fibers for Nanotechnology, Science, 304 (2004): 1917-
1919.

[3] Reneker D H,Yarin AL, Fong H, et al. Bending Instability of Electrically Charged Liquid
jets of Polymer Solutions in Electrospinning , fournal of Applied Physics, 87 (2000), 4531-
4547.

[4]  Deitzel ] M, Kleinmeyer J, Harris D, ez al. The effect of Processing Variables on the Morphology
of Electrospun Nanofibers and Textiles, Polymer, 42 (1) (2001) 261-272 JAN 2001.

[5] DagaV K, Helgeson M E,Wagner N ]. Electrospinning of Neat and Laponite-filled Aqueous
Poly (ethylene oxide) Solutions, Journal of Polymer Science Part B, 44 (11)(2006) 1608-
1617.

[6] Kim G H. Electrospinning Process using Field-controllable Electrodes, Fournal of Polymer
Science Part B, 44 (10) (2006) 1426-1433.

[7] Zussman E, Burman M,Yarin A L, er al. Tensile Deformation of Electrospun Nylon-6,6
Nanofibers, Journal of Polymer Science Part B, 44 (10)(2006) 1482-1489.

[8] Supaphol P, Mit-Uppatham C, Nithitanakul M. Ultrafine Electrospun Polyamide-6 Fibers:
Effect of Emitting Electrode Polarity on Morphology and Average Fiber Diameter, Journal
of Polymer Science Part B, 43 (24) (2005) 3699-3712.



Vibration-Electrospinning for High-Concentration Poly (butylene succinate)... 27

[9]

[10]

[15]

[16]

[17]

(18]

[19]

[25]

Hong JH, Jeong EH, Lee HS, ez al. Electrospinning of Polyurethane/Organically Modified
Montmorillonite Nanocomposites, Journal of Polymer Science Part B, 43 (22)(2005) 3171-
3177.

Inai R, Kotaki M, Ramakrishna S. Deformation Behavior of Electrospun poly (I.-lactide-
co-Epsilon-Caprolactone) Nonwoven Membranes under uniaxial tensile loading, Fournal
of Polymer Science Part B, 43 (22)(2005) 3205-3212.

Huang Z M, ZhangY Z, Ramakrishna S. Double-layered Composite Nanofibers and Their
Mechanical Performance, Journal of Polymer Science Part B, 43 (20)(2005) 2852-2861.

ZhaoYY, Yang Q B, Lu XF, et al. Study on Correlation of Morphology of Electrospun
Products of Polyacrylamide with Ultrahigh Molecular Weight, Fournal of Polymer Science
Part B, 43 (16) (2005) 2190-2195.

Wutticharoenmongkol P, Supaphol P, Srikhirin T, ez al. Electrospinning of Polystyrene/poly
(2-methoxy-5-(2 ‘-ethylhexyloxy)-1,4-phenylene vinylene) blends, Journal of Polymer Science
Part B, 43 (14)(2005) 1881-1891.

Kim CW, Frey MW, Marquez M, et al. Preparation of Submicron-Scale, Electrospun
Cellulose Fibers via Direct Dissolution, Journal of Polymer Science Part B, 43 (13)(2005)
1673-1683.

ZengYC,WuY, Pei ZG, Yu CW. Numerical Approach to Electrospinning, International
Fournal of Nonlinear Sciences and Numerical Simulation, 7(4)(2006) 385-388.

WuY,Yu JY,WanYQ, He JH. Controlling Stability of the Electrospun Fiber by Magnetic
Field, Chaos Solitons & Fractals, in press.

Wan YQ, He JH, Yu JY. Experimental Verification of Scaling L.aw between Current and
Applied Voltage in Electrospinning, Iranian Polymer Fournal, 15 (2006), 265-268.

He ] H,WanY Q. Allometric Scaling for Voltage and Current in Electrospinning, Polymer,
45 (2004), 6731-6734.

He ] H,WuY, Zuo WW. Critical Length of Straight Jet in Electrospinning, Polymer, 46
(2005), 12637-12640.

He JH,WuY, Pan N. A Mathematical Model for AC-Electrospinning, International Fournal
of Nonlinear Sciences and Nuwmerical Simulation, 6 (2005), 243-248.

He JH,WanYQ,Yu MY. Allometric Scaling and Instability in Electrospinning, International
Fournal of Nonlinear Sciences and Numerical Stmulation, 5 (2004), 243-252.

Shenoy S L, BatesW D, Frisch H L, ez al. Role of Chain Entanglements on Fiber Formation
During Electrospinning of Polymer Solutions: Good Solvent, Non-specific Polymer-polymer
Interaction limit, POLYMER, 46 (10)(2005) 3372-3384.

Drew C,Wang XY, Samuelson LA, et al. The Effect of Viscosity and Filler on Electrospun
Fiber Morphology, Journal of Macromolecular Science-pure and Applied Chemistry A, 40 (12)
(2003) 1415-1422.

Gupta P, Elkins C, Long TE, er al. Electrospinning of Linear Homopolymers of Poly
(Methyl Methacrylate): Exploring Relationships between fiber Formation, Viscosity,
Molecular Weight and Concentration in a Good Solvent, POLYMER, 46 (13) (2005)
4799-4810.

McKee MG, Hunley MT, Layman JM, er al. Solution Rheological Behavior and
Electrospinning of Cationic Polyelectrolytes, Macromolecules 39 (2)(2006) 575-583.



ISSN 0973-628X International Journal of Electrospun Nanofibers and Applications

McKee M G, Wilkes G L, Colby RH, er al. Correlations of Solution Rheology with
Electrospun fiber Formation of Linear and Branched Polyesters, Macromolecules, 37 (5)(2004)
1760-1767.

McKee MG, ParkT, Unal S, ez al. Electrospinning of Linear and Highly Branched Segmented
Poly (Urethane urea)s, Polymer, 46 (7) (2005) 2011-2015.

McKee M G, Elkins C L, Long TE. Influence of Self~-complementary Hydrogen Bonding
on Solution Rheology/electrospinning Relationships, Polymer, 45 (26) (2004) 8705-8715.

Baumgarten P K. Electrostatic Spinning of Acrylic Microfibers, ¥ Colloid Interface Sci. 36
(1971), 71-79.

De Gennes PG. Scaling Concepts in Polymer Physics, Ithaca, NY: Cornel University Press,
1979.
Colby R H, Rubinstein M, Daoud M. J de Phys IT 4(8) (1994) 1299-1230.

He ] H,WanYQ, Yu JY. Application of Vibration Technology to Polymer Electrospinning,
International Fournal of Nonlinear Sciences and Nuwmerical Simulation, 5 (2004), 253-262.
WanY Q, He J H, WuY,Yu JY. Vibrorheological Effect on Electrospun Polyacrylonitrile
(PAN) Nanofibers, Materials Letters, Volume 60, Issue 27, November 2006, Pages 3296-3300.
Ibar J P. Control of Polymer Properties by Melt Vibration Technology: A review, Polymer
Engineering and Science, 38 (1998), 1-20.

Tapadia P, Ravindranath S,Wang SQ. Banding in Entangled Polymer Fluids under Oscillatory
Shearing, Physical Review Letters, 96 (19)(2006) Art. No. 196001.

He JH, Liu Y. Yu JY. Micro Sphere with Nano-porosity by Electrospinning, Chaos, Solitons
& Fractals, accepted.

El Naschie MS. Nanotechnology for the Developing world, Chaos, Solitons & Fractals,
Volume 30, Issue 4, November 2006, Pages 769-77 3.

M.S. El Naschie, Elementary Prerequisites for E-infinity: (Recommended Background
Readings in Nonlinear Dynamics, Geometry and Topology), Chaos, Solitons & Fractals,
Volume 30, Issue 3, November 2006, Pages 579-605.

He J H. Electrospun Nanofibers and Applications, to be Published by Rapra in 2007.



