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Introduction. Scanning probe microscopy has been
successfully used to investigate surfaces of polymers
from the micrometer to the angstrom scale.! With
atomic force microscopy (AFM), the profile of a polymer
surface can be studied with molecular resolution.?
Images revealed the packing of individual chains, and
this packing was in agreement with the crystal struc-
ture of the polymer for a number of polymer systems.
We used the AFM technique to examine the surface of
poly(ethylene oxide) (PEO) ([—(CHy),—0—],) fibers and
were able to obtain images of PEO macromolecular
helices in the angstrom scale. The fibers were created
with the electro-spinning process, in which a strong
electrostatic field is used to form unusually thin fibers
(the thinnest fibers which we obtained had a diameter
of approximately 60 nm) from a polymer solution.

Electrostatic spinning of fibers was first patented in
the 1930s.2 Scientific studies of the electro-spinning
process have been carried out by Baumgarten,* Lar-
rondo and Manley,®> and Reneker and co-workers.® In
particular, Doshi described the electro-spinning process
for PEO fibers from aqueous solution.”

PEO usually crystallizes in a monoclinic phase where
the polymer chains adopt a 7/2 helix.8 Stretching of the
polymer results in a planar zigzag conformation with a
triclinic crystal structure.® Scanning probe microscopy
was previously used to investigate the morphological
details and surface structure of PEO crystals and poly-
(ethylene oxide)—polystyrene blends.1°~12 Earlier stud-
ies on the nanometer scale focused on imaging chain
folds on the surface of single crystals.

Experimental Section. We used PEO with an
average molar mass of 2 x 108 g/mol from Aldrich
without further purification to prepare 1 wt % aqueous
solutions. The samples were gently stirred for 12 h at
40 °C to obtain homogeneous solutions. In order to
electro-spin thin fibers, the PEO solution was first
placed in a pipet. The air pressure above the solution
was regulated with an air pump such that a drop of the
PEO solution was suspended from the orifice of the
pipet. We used a stainless steel pin immersed in the
solution as an electrode. A flat metal plate (placed 7.5
cm below the pipet) was used as a grounded counter
electrode. We connected the stainless steel pin to a
Bertam 230-30R high-voltage supply which can gener-
ate dc voltages up to 30 kV. The applied voltage was
displayed on the front panel of the Bertam high-voltage
generator, and we determined the currents by placing
a Hewlett Packard HP974A multimeter in series with
the counter electrode and ground.

When we applied a voltage between the solution and
the counter electrode, the pendant drop at the orifice of
the pipet was deformed into a conical shape, called the
“Taylor cone”.1® At a threshold value of the surface
charge density of the drop (for the experimental setup
described above, the critical charge density was reached
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at approximately 11 kV), the surface of the drop became
unstable, and a jet was ejected from the cone. After the
jet was formed, we reduced the voltage, thus making
the jet narrower and increasing the charge density on
the jet. At a certain voltage, the charge density on the
jet reached a critical value where the jet splayed into
several finer jets (at approximately 4 kV and a current
of 40 nA). A further reduction of the voltage moved the
splaying point of the jet toward the orifice. The jet
ceased at a voltage of 3.5 kV. The voltages and currents
stated in this section are system dependent (i.e. they
vary with the type of polymer, the solvent, the concen-
tration of the solution, the shape of the pipet, and the
distance between the orifice and counter electrode).

In order to collect electro-spun fibers for light micros-
copy and AFM studies, we adjusted the voltage such
that we obtained a stable jet which splayed approxi-
mately 5—10 mm below the orifice. We collected the
fibers on microscope slides for light microscope studies
and on cover slides for AFM measurements. We placed
the slides on the counter electrode in order to cover them
with fibers. The fibers were examined without any
further treatment.

The AFM measurements were carried out with a
NanoScope 11l (Digital Instruments, Santa Barbara,
CA) in the contact mode. AFM scans were performed
in air, utilizing SizN4 cantilevers with a nominal spring
constant of 0.38 N/m (NanoTips, Digital Instruments).
The whole system was allowed to equilibrate for 24 h
prior to taking measurements. All images shown in this
work correspond to unprocessed data. Most images
were obtained in the so-called “height-mode”; some
(where noted) were obtained in the friction mode.
Images were captured at the same time with and
without digital filtering (high pass set to 4, low pass
set to 1). Angstrom scale periodicities were observed
in both cases. Unless the images were excessively noisy,
we used images which were obtained without filters for
the subsequent analysis. In order to calibrate the
instrument, mica was imaged after each experiment
with the same setup (see below).

In order to obtain a quantitative analysis of the
observed periodicities, we averaged the “up” and “down”
scans. The images were analyzed by examining cross-
sectional plots perpendicular to the direction of the
elongated periodic features. The repeat length of the
periodic features was multiplied with a calibration
factor (which takes into account the influence of sample
height on measured distances and the fluctuation of the
calibration of the instrument'41%). The angles of the
periodic features were measured with respect to the
fiber direction. We analyzed well over 100 images. The
measured average is stated plus/minus the standard
deviation.

An Olympus BX60 light microscope was used to
investigate the birefringence of the electro-spun PEO
fibers. Plots of the crystal structure of PEO were
created with the Cerius? molecular modeling package.1®

Results and Discussion. Most of the PEO fibers
which were spun with the procedure described above
(i.e. the jet ejected from the Taylor cone splayed ap-
proximately 5—10 mm from the orifice) exhibited a
shape which resembled “beads on a string”. We ob-
served regularly spaced droplets of similar or alternat-
ing sizes along the fiber. The droplets were usually 1-5
um wide; see Figure 1. The diameter of the fibers
typically ranged between 200 and 600 nm. The thinnest
fibers we observed were 60 nm wide. Droplet diameter
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Figure 1. AFM image (125 um x 125 um) of electro-spun PEO
fibers. The fibers exhibit a “beads on a string” shape.

and spacing depended on the fiber diameter: the
thinner the fiber, the smaller the distance between
droplets and the diameter of the droplets.

A fiber which is spun from an aqueous solution can
be regarded as a liquid cylinder which is supported
along its axis. This type of cylinder is not stable; liquid
flows spontaneously into evenly spaced droplets strung
along the core fiber.1?

The fibers between the droplets were birefringent
when observed under crossed polars with an optical
microscope. This indicates that the fibers were oriented.
The droplets exhibited a pattern under crossed polars
which resembled a “Maltese cross”, indicating a radial
orientation of the polarizability ellipsoids.

If we examine a surface area of approximately 10 nm
x 10 nm of an electro-spun fiber with the AFM, the
images reveal two sets of evenly spaced rows which form
an angle of approximately +50° and —50° with the
direction of the fiber axis. If the AFM tip scans parallel
or perpendicular to the fiber axis, both sets of rows are
simultaneously visible (see Figure 2a). If the tip
samples the surface topology at an angle of +45° to the
fiber direction, only one of the sets of rows is visible—the
one which is perpendicular to the scan direction. In
Figure 2b the rows are vertical, and in Figure 2c the
rows form an angle of 15° with respect to the vertical
direction. Since the scan directions of the two measure-
ments are perpendicular to each other, the periodic
features on the sample surface form an angle of 105°.
This angle is approximately bisected by the fiber direc-
tion. We observed a spacing of 7.8 + 0.4 A for both sets
of rows. These observations were repeated on several
fibers.

Figure 3 shows the 100 facet of the monoclinic crystal
modification of PEO.8 The PEO chains adopt a 7/2 helix
in this crystal structure. The upper turns of the helices
form ridges which are 7.8 A apart. The projection of
the ridges is inclined by 53° to the crystallographic c
direction. The lower turns of the helices also form
ridges with a spacing of 7.8 A. The projection of these
ridges forms an angle of —53° with the crystallographic
c direction. The surface of the 010 facet of PEO results
in a similar pattern. The top turns of the helices form
ridges which are 7.9 A apart and are inclined by 55°
with respect to the crystallographic c direction, and the
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Figure 2. Nanographs of the surface of an electro-spun PEO
fiber: (a) 11 nm x 11 nm nanograph; (b) 12.5 nm x 12.5 nm
nanograph; (c) 12 nm x 12 nm nanograph which was obtained
in the friction mode. The white arrow indicates the fiber
direction. The images show digitally unfiltered data.
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helices are drawn solid; the lower turns of the helices are
shaded. Top and lower turns form ridges with an inclination
of +£53° to the crystallographic c direction.

lower turns form ridges which are 7.7 A apart and form
an angle of —54° with the crystallographic c direction.
The images we obtained with the atomic force micro-
scope compare very well with the surface topology of
the 100 or the 010 facet. We did not obtain any images
which resembled other facets of PEO (e.g. the 120 facet
and the —120 facet, which result in periodic structures
with spacings of 6.5 and 6.9 A). We therefore identify
the rowlike features which we observed in the images
as top and bottom turns of helical PEO molecules in the
top layer of the 100 or the 010 facet. Within the
estimated accuracy of the instrument (+0.4 A and +4°),
it is not possible to distinguish between the two facets.
If we compare the angle between the rows in the AFM
images with the angle the ridges form with the crystal-
lographic c direction, we see that the chain direction and
the fiber direction are approximately parallel. The
chain direction and the fiber direction both bisect the
angle between the rows which is larger than 100°.
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On the basis of our observations, we can conclude that
at the molecular level the electro-spun PEO fibers
possess a highly ordered surface layer. This ordered
surface layer could be the result of the electro-spinning
process, or it could be a residue of the droplet formation.
In order to determine the origin of this highly ordered
surface layer, our future work will focus on the skin—
core structure of electro-spun fibers.
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