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Abstract: The results presented in this work show for the first time that an electric field used to
macroscopically align polymer nanofibers can also align polymer chains parallel to the fiber axis. This
important result indicates that anisotropic structural properties (mechanical, electrical, etc.) can be induced
in polymer nanofibers during the electrospinning process. Such uniaxially oriented nanofibers exhibit a
variety of potential applications in biomedicine, microelectronics, and optics. A simple technique of vertical
electrospinning with an electric field induced, stationary collection was employed to obtain the molecular
orientation in polymer nanofibers. This manuscript describes the orientation process via electrospinning
and verifies this molecular orientation in the polymer nanofibers using three independent methods: polarized
Fourier transform infrared spectroscopy, polarized Raman scattering, and X-ray diffraction.

1. Introduction conducting plate$? however, orientation of polymer chains at
the molecular level within nanofibers was not observed.
Recently, molecular orientation to a small extent along the fiber
axis'® using a rotating mandrel operating at high rpm (2500) as
a collector has been reported. It was hypothesized that mechan-
ical drawing of the fibers caused the molecular orientation. We
report, for the first time, molecular orientation in the polymer
chains via the use of stationary counter-electrode plates.
Hereafter in this paper, the word “alignment” will be associated
with the macroscopic alignment of the fibers and the word
“orientation” will be associated with the alignment of polymer
chains or molecules within the fibers. Two different types of
PEO mats; i.e. uniaxially aligned nanofibrous mat and isotropic
nanofibrous mat were fabricated via electrospinning. The

Electrospinning is a versatile process offering unique capa-
bilities for the fabrication (from polymer solutions) of fibers
with diameters ranging from the nano- to microscalEhe
process of electrospinning has already created interesting
applications in the filtration of particles smaller than 100 nm
in diameter with products in the consumer and defense industry,
chemical and biological resistant protective clothing, enzyme
or nanoparticle carriers in controlled drug release, wound
dressings, scaffolds in tissue engineedrdgand sensofs in
electronic applications. A critical need in this field of nano-
technology is the production of uniaxially aligned nanofibers
whose anisotropic properties can be tailored for use in micro-

electronics and in a variety of electrical, optical, mechanical, electrospinning setup and all the parameters used were main-

: a7 C . :
and fptl)omeglcélb apphcanons%. ”Macrosco?mh z‘::jllgnrt?]ent OI b tained the same for both the mats except for the way in which
nanofibers has been successiully accompiished in the past by, o fners were collected. The fiber alignment reported in this
using different strategies including the use of a scanningip,

tati drel collectgho.10 e drurd and study was confirmed using optical and field emission scanning
rotating mandrel collector,»™ a copper wire drum. an electron microscopy (FE-SEM). The highly oriented and ordered

molecular architecture was determined using polarized Fourier
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consists of three partsa high voltage supply, a capillary/syringe  has several advantages over conventional melt spinning includ-
with a needle, and a grounded collector. The polymer solution ing a simpler instrumental setup and the use of a smaller amount
is electrically charged by either suspending an electrode in the of material. Electrospun fibers can exhibit nanometer scale
solution or connecting the electrode to the needle. The applieddiameters, large surface area to mass ratio, large void volumes,
voltage is usually in the range 1 to 30 kV applied over a distance an interconnected porous network (for cell migration), and
of 10—30 cm between the syringe tip and the collector. When mechanical integrity. Though slow speed and low product
the electric field is applied, the polymer droplet at the tip of volume are its only drawbacks, they do not pose constraints
the needle deforms from a hemispherical to conical shape, calledfor the process of electrospinning to excel in specific applica-
a Taylor coné® A jet of polymer emerges from the deformed tions.

droplet when the accumulated charge on the droplet surface . .

overcomes the surface tension. The jet begins to stretch and?- Results and Discussions

whip around forming a single nanofiber as it travels to the A parallel array of fibers was formed consistently in the gap
collector. Most of the solvent evaporates during the whipping of the negatively charged plates (Figure 1B). The fibers were
stage leaving a mostly dry polymer fiber behind. The flow rate well aligned as seen from the optical micrograph (Figure 1C).
of the polymer solution at the syringe tip can be regulated using An isotropic nanofibrous mat was formed on the grounded
a syringe pump. The fibers are collected on a counter-electrodealuminum foil collector. Both types of fiber samples were easily
or grounded collector. The distance between the needle tip andreproduced and removed for characterization purposes. FE-SEM
the collector, called the working distance, can be altered, and studies were performed in order to investigate the macroscopic
the resulting fibers form a random membrane or network on alignment of the fibers and to compare the fiber morphology
the collector surface. In our electrospinning setup, we have usedof the aligned fibers (Figure 1D) to that of the isotropic fibers

a set of electrically charged conductive plates with a gap of 1.2 (Figure 1E). In both cases, the fiber surface was observed to be
cm between thef as a collector. This gap could be altered smooth and the fiber diameter was found to be in the range
from a few millimeters to a few centimeters. The electrical 100 to 400 nm. The lack of change in fiber diameter for the
charge on the collector plates was maintained opposite to thealigned fibers confirmed that there was no physical/mechanical
charge on the polymer solution in order to facilitate and direct stretching of nanofibers induced by the electric fields associated
the collection of nanofibers on the desired area. Hence, thewith the parallel plates, which would have resulted in draw
collector plates served as counter electrodes. The surfaceinduced narrowing of the fibers.

morphology can be tailored for specific applications by using  2.1. Polarized FT-IR Spectroscopy. 2.1.1. Data Analysis.
different prOCGSSing conditiosand solvent$8 EIeCtrospinning Polarized FFIR Spectroscopy was used to investigate molec-
ular orientation in the nanofibet8.Measurements and peak
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Table 1. PEO Bands and Their Assignments for FT—IR and

Raman Measurements9-21 [ Cast PEO film 1101 A
assignment (cm~?) 0.4
infrared? Raman infrared? polarization® ®
2885 m v(CHy) I §
1342's - (CHy) Il
1101 vs Inactive ¥(CO) I s 02
962's r(CH) + »(CHy) I 8
1448 w 1446 w O(CHp) 0,2z <
1280 m 1280 s t(Ch 0,2z
844 s 844 s r(Ch 0,2z 0.0
1126 m »(CC) . . f N
inactive 1064 w v(CO) 10F . N ” v
859 w r(CHp) Measurements perpendicular 1101 B
0.8 to each other
ays = very strong, s= strong, m= medium, w= weak,v = stretch, |
r = rock, & = scissorsp = wag, t= twist, o = bend.? Polarization of IR @
bands. When a band is both IR and Raman active, then the polarizability 2 06}
tensor elementZ?) for the Raman experiment is also shown. : 1342
. _ G 0.4 2885 962
assignments were made on three different samptast PEO 2
film, a mat of isotropic electrospun PEO nanofibers, andamat < g2|
of aligned PEO nanofibers. The PEO bands and their respective !
assignments are shown in Table 1. The-f#R spectrum 0.0 ) - - - - ’ ) )
(unpolarized) of cast-flm PEO (Figure 2A) was found to be 1.0} ' N 1101 C
similar to that published by other research@r$he polarized ! Parallel to fiber axis
FT—IR spectra of isotropic electrospun nanofibers were obtained 08} Perpendicular to fiber axis
using two mutually perpendicular polarizations (Figure 2B). The o
polarized FFIR spectroscopy of the isotropic fibrous mat C 06}
indicated random orientation of molecules as the absorbance 3§ 1342
intensities in relatively perpendicular polarizations were almost © 0.4 962
identical. This is because, at any polarization angle, the infrared § 2885
beam encounters almost the same numbere®€C and C-H 0.2}
bonds and their respective change in dipole moments, resulting k
in equal absorbance intensities. The-HR spectra for isotropic 0.0 : : ; A
fibers were also similar to the spectra for cast PEO film (Figure 3000 2500 2000 1590 1000
2A) indicating that the electrospun fibrous mat, collected on a Wavenumber (cm)

grounded electrode, was truly isotropic and had similar con- Figure 2. (A) A typical FT—IR spectrum of pure PEO cast film; (B)
formational order. However, very different absorbance intensities Polarized FFIR spectra for isotropic PEO nanofibers show that the peak

b df larized llel d intensities for two transmission measurements obtained with orthogonal
Werelo serve or.po anzle ] measurements, para e_ and Perirections of the electric field vector are identical; (C) Polarized-
pendicular to the fiber axis in the FIR spectra of aligned  spectra for uniaxially oriented PEO nanofibers show that the peak intensities
PEO nanofibers (Figure 2C). The bands (Table 1) attributed to for polarized measurements parallel to fiber axis are greater compared to
the C—H stretch at 2885 cn#, C—H wagging at 1342 ct, those from the perpendicular measurements.

—O— P i 1
C—O-C stretch at 1101 cr, and C-H rocking at 962 cm ratio, Py = paralle-polarized infrared absorbance intensity, and

have. higher. intensities whgn the eIec’Fric vector is parallellto Po = perpendicularly polarized infrared absorbance intensity
thg f|.ber axis than when it is perpendlculqr o the fllqer axiS. fora particular vibration. For a randomly oriented samples

This |s.becaus'e, when T“"St of Fhe F.)EO chains (7,/2 helical form) 1, and for a uniaxially oriented sample (all polymer chains
are o_nented na par_tlculgr direction and the infrared beam oriented along the fiber axis and a change in dipole moment of
polarized along that direction passes through the sample, then,

the infrared beam encounters a large number-60G-C bonds a particular vibration that is co-incident with the fiber axiB),
T . g = infinity. Using the polarized FFIR spectra (Figure 2C), the
and C-H bonds, coupling with their change in dipole moment y g b P (Fig )

. X Do A dichroic ratio for the 1101 cri (C—0O—C) band, whose change
of their respective vibrations, resulting in higher absorbance

intensities in that ticular directi The diff in th in dipole moment has a large component along the 7/2 helical
intensities in that particular direction. 1he difierence in the backbone, was found to be 5.3. Similarly the dichroic ratios

absorbance intensities between parallel and perpendicularfor the other strong “parallel” IR bands at 1342 chand 962
polarization can be attributed to molecular orientation of the cm-t are 5.1 and 5.5, respectively. These results indicate that

polymer backbones along the polymer nanofibers’ axes. there is a significant amount of uniaxial orientation of the

ﬁ._é_.z.dljt;chrollc Rat|o.|The| ex’_[ent of un_|aIX|aI obrlentatlon dpolymer chains in the PEO nanofibers collected between the
exhibited by polymer molecules in a material can be measure charged parallel plates.

by using the concept of a dichroic ratio. Dichroic ratio can be 2.2. Polarized Raman Spectroscopy. 2.2.1. Data Analysis

calculated using the formul® = Py/Po, whereR = dichroic Polarized Raman spect?af aligned and isotropic mats of PEO
nanofibers were obtained (Figure 3) to confirm the molecular

(21) Yoshihara, T.; Murahashi, S.; Tadokoro,JHChem. Physl964 41, 2902—
2911

(22) HasHmi, S. A.; Kumar, A.; Maurya, K. K.; Chandra,l5 Phys. D: Appl. (23) Frisk, S.; Ikeda, R. M.; Chase, D. B.; Rabolt, JAppl. Spectrosc2004
Phys.1990 23, 1307-1314. 58, 279-286.
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number of polymer chains oriented along thelirection, and

the Raman laser beam (polarized along Z) couples with the
change in polarizability for these certain vibrations (totally
symmetric symmetry species) predominantly in Ziepolariza-

tion compared to th¥Ypolarization. Hence, uniaxial molecular
orientation in the fibers collected between the charged plates
was confirmed using polarized Raman spectroscopy.

2.2.2. Molecular Conformation of PEO.Studies have shown
that PEO adopts a 7/2 helical molecular conformafigh?®
(Trans-Trans-Gauche) (Figure 4A). This Raman study shows
that the PEO still exists in the 7/2 helical form, as the
characteristic Raman peaks (1495, 1151, 1041 %rof the
planar zigzag form (TransTrans-Trans§’ were absent in the
spectra of the oriented nanofibers. Also, the dichroic ratios in
FT—IR studies were not found to be infinite due to the helical
. conformation of PEO chains. The conformation of the PEO

Raman Shift (cm™) chains can be affected by many factors such as mechanical
Figtlfre 3. t(iﬁzl ?:Tﬁgﬂagf rgz;eszglz%t(iﬁ:;OJnZEgenzgirbgg xitgxae Z’gn:le:i((;aédstretching, thermal history, solvent evaporation rate, and solvent.
fcgrntr?trangljilarized Ra?’na% spectroscopy experiments; (B) Polarized I‘\Par%/anThe conformation remains unaf_fec'[?d aftgl’ applying ele_CtrOSIaF'C
spectra for the isotropic PEO nanofibers show that the peak intensities of forces that have produced chain orientation along the fiber axis.
the ZZ measurements were similar to those of ¥Wémeasurements; (C) Future studies will focus on the determination of the second
Polarized Raman spectra for the uniaxially oriented PEO fibers show that (P,) and fourth P,) order orientation functions, using polarized
the peak intensities were greater in tA& measurements than théY Raman scattering.
measurements.

2.3. WAXS Pattern and X-ray Diffraction Studies. The

sharp X-ray reflections of uniaxially oriented PEO chains along
the fiber axis and the indexatiofisare shown in Figure 4B.
The X-ray diffraction pattern indicates uniaxially oriented
crystals in the nanofibef$:?1 The chain axes were parallel to
the fiber axis, and the reflections appeared to be consistent with
. . P . the 7/2 helical crystal form of PEO confirming the results of
_nanofl_b 1S For the |soFrop_|c fibers (_F \gure 3B), the peak the Raman spectroscopy measurements as discussed above. PEO
mtensme§ Of. thezZ polarlza'u(_)n were S|m|lar. o those of the molecules form 7/2 helical conformation and crystallize in a
YY polarization, demonstrating that the fibers were truly four-chain monoclinic unit cell{ = 8.05 Ab=13.04Ac

macroscopically isotropic. However, for the oriented nanofibers (fiber axis)= 19.48 A, ands = 125.%). Previous researchéfs
(Figure 3C), the peak intensities were greater in #ie ' ' e

polarization than in th&'Ypolarization. In particular, the bands  (24) jasse, B.; Koenig, J. LJ. Polym. Sci., Part B: Polym. Phy2003 18,

60 |

a0}

Intensity (a.u)

20 +

n i A A i
1600 1400 1200 1000 800 600

orientation observed in FFIR experiments. Polarized Raman
spectra with both the incident and scattered polarization vectors
parallel to the fiber axis4Z2) were compared to the spectra
obtained with the incident and scattered polarization vectors
perpendicular to the fiber axi¥'Y) for both aligned and isotropic

i ioti 1. C— 731-738.

(Table.l) attributed to €H tWIStmg a_t 1280 cm’ C—C (25) Kip, B. J.; Vangurp, M.; Vanheel, S. P. C.; Meier, RJ.JRaman Spectrosc.
stretching at 1126 cmt; C—O—C stretching at 1064 cnt and 1993 24, 501-510.

1 i 1 i (26) Maxfield, J.; Shepherd, I. WPolymer1975 16, 505-509.
859 crrr ’.and ,C.HZ .rOCkmg at ,844, cm? have increased (27) Ding, Y. Q.; Rabolt, J. F.; Chen, Y.; Olson, K. L.; Baker, G. L.
scattering intensities in théZ polarization compared to théY Macromolecule2002 35, 3914-3920.

; ; [ ; B ; ; ; (28) Takahashi, Y.; Tadokoro, HMacromoleculesd973 6, 672—675.

polarization indicative of the anisotropic scattering properties (29) Mihaylova. M. D.. Krestev, V. P.: Kresteva. M. N.. Amail, A Berlinova,

of oriented polymer chain®.25This is because there is a larger I V. Eur. Polym. J.2001, 37, 233-239.
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Figure 5. SEM image (200&) of PEO/HO nanofibers electrospun on a ) )
grounded rotating mandrel. The fibers are aligned at the macroscopic level. Figure 6. Expanded view of polarized FIIR spectra from 1500 cnit to
800 cnt! wavenumbers for PEO nanofibers electrospun on a rotating

- . . mandrel. The absorbance intensities in parallel and perpendicular polariza-
have found that the X-ray intensities could best be fit by a tions are very similar to each other. Thus, very little if any molecular

distorted 7/2 helix. When held under tension, the PEO molecule orientation of polymer chains is observed, although the fibers were
adopts an extended 2/1 helical conformafidiWwhen tension macroscopically aligned as shown in Figure 5.
is released, the molecules relax back into the 7/2 helical

conformation. polymer chains within the nanofibers were not oriented. The

2.4. Molecular Orientation Comparison: Charged Plates . . o
versus Mandrel Collection Polarizgd FTIR and Igaman data polymer chains were isotropic. Since the mandrel was grounded
; unlike the electrically charged collector plates, the polymer

indicate that the polymer fibers were isotropic when collected - . -
- . -~ chains had enough time to dissipate the charge and relax by
on a grounded electrode, whereas the fibers contained uniaxially, . '
. . the time the nanofibers were collected on the mandrel. Thus,
oriented polymer chains when collected between the charged . L ) .
. X : molecular orientation in the nanofibers was not achieved by
plates. It was still unclear whether the fibers in the former

. : : S electrospinning alone but by electrospinning between the

contained oriented polymer chains originating from the elec- .
trospinning process but appeared isotropic due to randomnessemcmcaIIy charged plates.
of the (macroscopic) fibers on the grounded collector. This 2.5 Discussion of Orientation MechanismWater molecules
would also give identical IR spectra in two mutually perpen- have a strong tendency to align in an induced field because
dicular polarizations. So, it was necessary to characterizetheir dipole moment is large, on the order of &8l D. In
electrospun nanofibers that would be macroscopically aligned addition the relaxation time of the PEO backbone, which is a
via some other technique. To address this issue, we chose tgneasure of how quickly the polymer responds to the orientation
compare fibers collected on a mandrel with fibers aligned by induced by the aligning water dipoles, is very close to the
the electrically conductive plates. The hypothesis being that the relaxation time of water molecules. These comparable relaxation
molecular orientation occurs due to the effect of electric charge times are unusual. Thus it is possible that the initial alignment
at the edges of the collector plates (Hall Effect) on the polymer Of the system is due to the ease of orienting the water dipoles
chains and not due to the process of electrospinning alone. Thisin the electric field used for electrospinning. This alignment of
was demonstrated by characterizing macroscopically alignedthe water dipoles in turn aligns the polymer backbone due to
nanofibers, electrospun and collected on a rotating mandrel, the flexible C-O ether bonds. The negative charge is concen-
using FE-SEM and polarized FIIR. trated at the edges of the collector plates due to the Hall Effect.

PEO/HO (8 Wt%) nanofibers were electrospun on a rotating The positively charged nanofiber aquires the negative charge
mandrel collector to obtain uniaxially aligned fibers without the when it touches the negatively charged edge of the collector
effect of an additional external electric field. All the electro- plate. These negatively charged nanofibers repel from the like
spinning parameters were maintained the same as those mencharged collector plates. The fiber alignment in the gap of the
tioned in the experimental section except that the collection was aluminum plates occurs due to the hopping back and forth of
done on a grounded rotating mandrel. The mandrel rpm of the nanofibers between the collector platedue to charge
1500-1700 was high enough to produce uniaxially aligned repulsion. This leaves the water dipoles and PEO chains no time
fibers and low enough to avoid any mechanical drawing of the to relax. The system stays under the influence of an induced
fibers, in turn avoiding any polymer orientation. The scanning field throughout this process as the collector is also electrically
electron micrograph (Figure 5) indicates that the fibers were charged unlike a typically grounded collector (where the fibers
macroscopically well aligned. get ample time to relax). The electrostatic fof@escting on

The polarized FFIR spectra (Figure 6) show a very little  the nanofibers tend to align the fibers with minimal stretching
difference in absorbance intensities of the spectra for parallel thus allowing the stretched fibers to remain in the stretched state
and perpendicular polarized measurements, indicating a lack ofeven after removing the film from the plates. The fibrous mat
significant molecular orientation in the electrospun nanofibers formed could be easily removed for characterization purposes.
collected on a mandrel rotating at 1560700 rpm. This means Studies on polymer backbone orientation in other polymeric
that, though the nanofibers were macroscopically aligned, the systems and its effect on mechanical, electrical, and optical

(30) Takahashi, Y; Sumita, I.; Tadokoro, H. Polym. Sci., Part B: Polym. properties of nanofibers to further explore this result are
Phys.1973 11, 2113-2122. currently underway.
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3. Conclusion high degree of orientation of the polymer backbones occurs

PEO polymer backbones within the polymer nanofibers were along the fiber axis via the above-described method.

successfully oriented along the nanofibers axes via electrospin-

ning betw_een t.WO electrically charged aluminum plates. Mo- Science Foundation, DMR 0315461 and DMR 0210223. We
lecular orientation was not a result of the process of electro-

spinning alone. Such nanofibers could easily be reproduced anasm(;ﬁreg thank Dr. Ct:hrlstoph(:r Shn|yely for his valuable advice
were easy to handle for any characterizations. This method wag?h € Raman spectroscopy technique.

very simple and did not involve any moving parts, e.g., a rotating
collector. The data obtained from the isotropic electrospun including material selection and procedures for electrospinning

nanofibers (collected on a grounded electrode) and oriented L . S .
. . and characterizations. This material is available free of charge
electrospun nanofibers was compared and analyzed using FE-

SEM, polarized FFIR spectroscopy, polarized Raman spec- via the Internet at http://pubs.acs.org.
troscopy, and X-ray diffraction. Now, we can conclude that a JA065043F
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