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n recent years, electrospinning’? has

become a powerful fabrication method

for constructing high aspect ratio poly-
mer or inorganic nanostructures used to
manufacture complex hybrid architectures
with applications in areas ranging from ca-
talysis,® sensing,* waveguiding,® and
optoelectronics®”’ to tissue-engineering
constructs.® Modifications made to the con-
ventional electrospinning geometry further
extend the breadth of fabrication capability
afforded by this technique.®~'* Further-
more, the use of electrospinning for the
construction of polymer films presents cer-
tain advantages over spin coating. For in-
stance, the ability to form multilayer archi-
tectures'® without reintroducing solvent
into contact with sublayers is a unique fea-
ture of film formation via electrospinning.
During electrospinning, a polymer solution
of suitable viscosity is typically pumped
through a metal capillary charged at high
voltages. A strong electric field acts on the
pendant polymer droplet to overcome sur-
face tension and generate a characteristic
whipping jet that loses solvent via rapid va-
porization while traveling toward a
grounded target, resulting in polymer
nanofibers with uniquely high surface-to-
volume ratio." Typical electrospun fibers
have been previously shown to possess op-
tical anisotropy.'®'” In conventional poly-
mer systems, structural and optical aniso-
tropy is generally introduced through
strains,'® heating,'® or grafting chains on a
surface.?’ The process of mechanical draw-
ing can also induce a significant anisotropy
in polymer films or fibers due to a preferred
orientation of the polymer chains within
the films or fibers?' "2 and often poses
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ABSTRACT Electrospinning constitutes a simple and versatile approach of fabricating polymer

heterostructures composed of nanofibers. A preferred alignment of polymer crystallites stems from complex

shear elongational forces and generates a strong intrinsic optical anisotropy in typical electrospun fibers of

semicrystalline polymers. While it can prove useful for certain devices, this intrinsic anisotropy can be extremely

detrimental for other key applications such as high-performance polymer-based lighting and solar-energy

harvesting platforms. We report a dramatic reduction in the intrinsic dichroism of electrospun poly(ethylene

oxide) fibers resulting from the incorporation of inorganic nanoparticles in the polymer matrix. This effect is shown

to originate from a controllable randomization of the orientational ordering of the crystalline domains in the

hybrid nanofibers and not merely from a reduction in crystallinity. This improved understanding of the crystalline

structure —optical property correlation then leads to a better control over the intrinsic anisotropy of electrospun

fibers using localized surface-plasmon enhancement effects around metallic nanoparticles.

KEYWORDS: electrospinning - dichroism - nanoparticles - fibers - arrays -
orientation - polymer—nanoparticle hybrids - nanocomposites - optical anisotropy -
surface plasmon resonance

major impediments in traditional polymer
engineering. For typical electrospun fibers
of semicrystalline polymers, this intrinsic
optical anisotropy'®?* originates from the
high shear forces acting on the electrified
polymer jet during electrospinning that
leads to an orientation of polymer crystal-
lites within the fibers. While this intrinsic op-
tical anisotropy can prove useful for certain
devices, it can be detrimental in other key
applications such as high-performance
polymer-based lighting and solar-energy
harvesting platforms.

In this paper, we report a dramatic re-
duction in the intrinsic optical anisotropy
of electrospun poly(ethylene oxide) nano-
fibers resulting from the incorporation of
different concentrations of silica nanoparti-
cles in the polymer matrix. Interestingly,
X-ray diffraction combined with differential
scanning calorimetry measurements con-
firm that this decrease in intrinsic
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Figure 1. (a) Optical micrograph of highly oriented electrospun PEO fibers loaded with silica nanoparticles. (b) Scanning
electron microscopy image of PEO fibers highly loaded with 50 nm silica particles. Inset shows a high-magnification SEM im-
age of a fiber with encapsulated silica nanoparticles. (c) High-angle annular dark-field scanning transmission electron micro-
graph (HAADF-STEM) image of hybrid fibers showing arrangement within the polymer fiber.

anisotropy originates from a controllable randomiza-
tion of the orientational ordering of the crystalline do-
mains in the hybrid nanofibers and not merely from a
reduction in crystallinity. Finally, the improved under-
standing of their crystalline structure—optical property
correlation leads us to develop a better control over the
intrinsic anisotropy of electrospun fibers using reso-
nant localized surface-plasmon enhancement effects
resulting from the incorporation of a minute fraction
of metallic nanoparticles. While previous reports of con-
structing hybrid composites via electrospinning have
demonstrated the unique capability of this versatile fab-
rication approach,? 3" we believe this ability to control-
lably alter the intrinsic anisotropy of electrospun fibers
yields crucial insight into the fundamental correlation
between their structure and physical behavior. This
deeper understanding facilitates better materials de-
sign and in turn the deployment of electrospun systems
as thin film materials in emerging applications.

RESULTS AND DISCUSSION

First, silica nanoparticles are blended into an aque-
ous polyethylene oxide (PEO) solution so that electro-
spinning yields hybrid polymer nanofibers with con-
fined nanoparticles inside the PEO matrix. The use of a
collector electrode with an air gap alters the electric
field lines causing a preferred alignment of incoming
fibers perpendicular to the gap edge.> These highly
aligned hybrid nanofibers are shown in the optical
microscopy image in Figure 1a. A typical scanning elec-
tron microscopy (SEM) image of the hybrid nanofibers
highly loaded with 50 nm SiO, nanoparticles is shown in
Figure 1b. The high-magnification inset in Figure 1b
shows the quasi-1D organization of the silica nano-
particles inside the fibers owing to their smaller size
compared to the fiber diameter. High-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) shown in Figure 1c confirms that the
silica nanoparticles are not located only on the surface
of the fibers but are encapsulated throughout the fiber
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volume. The PEO matrix consists of lighter elements
and is scarcely visible in the micrograph.

For optical characterization, samples of highly
aligned PEO fibers loaded with different concentra-
tions of 50 nm SiO, nanoparticles are fabricated. To do
so, silica nanoparticle dispersions of increasing concen-
trations are blended into a fixed amount of PEO solu-
tion before electrospinning. Favorable hydrogen-
bonding interactions between the hydroxyl functional-
ity on the silica particle surface and the PEO polymer
chains allows the incorporation of high nanoparticle
concentrations in the precursor solutions. Electrospin-
ning parameters such as voltage, needle gauge, poly-
mer concentration, and needle-collector distance are
kept constant so as to not affect the resulting fiber
diameter. The exact particle content within the hybrid
nanofibers is then measured using thermogravimetric
analysis (TGA). During TGA, the composite nanofibers
are heated until a complete thermal degradation of the
polymer is achieved, and the final residual mass is com-
posed solely of the remaining nanoparticles. Figure 2
shows thermograms of a series of electrospun fibers
with increasing nanoparticle content. Differential scan-
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Figure 2. Thermogravimetric curves of particle-dosed fiber
series. Final residual mass indicates incorporated silica nano-
particle content. Samples Fy, F;, F,, and F; are PEO fibers

with 0 (neat fibers), 7, 12, and 20 vol % incorporated silica
content, respectively.
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TABLE 1. Fiber Construction Parameters, Incorporated Silica Nanoparticle Content Determined by TGA, Melting
Enthalpies and Polymer Degree of Crystallinity Determined by DSC, and Fiber Diameters Determined by SEM

concentration of

sample volume of PEO soln Si0, particle dispersi incorp d Si0, melting enthalpy (AH,,) of PEO degree of fiber diameter
designation (50 mg/mL) (0.5 mL, 50 nm) content (vol %)° fiber samples ()/g)° arystallinity (%) (nm)*
Fo 1.5mL 0 mg/mL (DI water) 0 197 97203 216 + 35
F 1.5mL 10 mg/mL 70 *£08 196.6 97 £15 183 + 44
F, 1.5mL 25 mg/mL 121 %1 187.6 92+19 194 = 30
F; 1.5mL 50 mg/mL 204 = 0.1 1914 94+03 190 + 37

“As determined by TGA. *As determined by DSC. ‘As determined by SEM.

ning calorimetry (DSC) was conducted on the fiber
samples to investigate the degree of crystallinity of the
polymer within the composite fiber samples. Fiber con-
struction parameters, incorporated nanoparticle con-
tent (as determined by TGA), melting enthalpies of the
composite fibers, and the degree of crystallinity of the
polymer fraction of the fiber samples (as determined by
DSCQ) as well as fiber diameters (as determined by SEM)
are summarized in Table 1.

The dichroic ratio for the hybrid fibers with differ-
ent nanoparticle concentrations is obtained by measur-
ing the relative absorption of the orthogonal compo-
nents (parallel and perpendicular to fiber axis) of
incident circularly polarized light. A schematic of the
optical setup is shown in Figure 3a. Dichroic ratios were
found by measuring the fibers’ interaction with circu-

(a)

larly polarized light by using a polarizer to measure
components parallel and perpendicular to the fiber axis.
Dichroic ratio (DR) is defined as the ratio of absorp-
tions in parallel and perpendicular configurations us-
ing the following expression:

R — A Inl/ :
AL /D, ()

where A is the absorption measured for orthogonal par-
allel (|) and perpendicular (L) polarizations with re-
spect to the fibers’ axis and is defined as the ratio of in-
cident (lp) and transmitted intensities (/) for both
polarizations. Three individual DR measurements per-
formed on the neat PEO and PEO—SiO, samples as well
as their average are plotted in Figure 3b as a function
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Figure 3. (a) Schematic of the optical setup used to measure dichroic ratio of the aligned electrospun fibers. (b) Chart showing
the relationship between dichroic ratio [measurement 1 (0), measurement 2 (O), measurement 3 (A), mean (®)] of particle-
loaded fiber series (A = 633 nm) and silica volume fraction.
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Figure 4. (a) 2D X-ray diffraction pattern of sample F, (neat PEO fibers). Diffraction peaks for planes [120] (at 20 = 10.1°)
and [032], [112] (at 20 = 12.3°) are marked by arrows. (b) Schematic (not drawn to scale) showing oriented crystallite arrange-
ment within neat PEO fibers. The white spaces between the polymer crystallites represent regions of amorphous polymer

domains.

of the silica volume fraction. An exponential decay in in-
trinsic optical dichroism, indicated by the dotted curve
in Figure 3b, can be consistently observed for the hy-
brid nanofibers with increasing particle concentration.
This result is consistent with optical anisotropy reduc-
tion effects reported previously for other polymer films
doped with nanoparticles.®®

It is possible to elucidate the origin of the intrinsic
dichroism in the electrospun fibers by X-ray diffraction
(XRD) analysis of the aligned fibers. The 2D X-ray diffrac-
tion patterns for the aligned fibers F, (neat PEO) is
shown in Figure 4a. Since PEO is a semicrystalline poly-
mer that crystallizes most commonly in the 7/, helical
conformation,3* strong monoclinic reflections occurring
at 20 = 10.1° (corresponding to plane [120]) and 12.3°
(corresponding to planes [032], [112])2%% are observed
on the meridional sector for both samples. A perfectly
isotropic distribution of crystalline domains would yield
powder diffraction maxima (polycrystalline ring-like dif-
fraction pattern), with no azimuthal dependence in the
intensity profile, while a preferred orientational order-
ing of the crystalline domains results in an anisotropic
diffraction pattern. The amorphous nature of the silica
nanoparticles does not yield an X-ray diffraction signa-
ture, which could otherwise convolute XRD analysis.
The diffraction pattern for the F, sample shown in Fig-
ure 4a confirms a preferred orientation of the polymer
crystalline domains along the fiber axis. A schematic of
the polymer morphology inside those fibers is shown in
Figure 4b where the white spaces between the poly-
mer crystallites represent regions of amorphous poly-
mer domains. This directional ordering of the crystal-
lites within the fibers originates from complex
elongational shear forces acting on the electrified poly-
mer fluid jet during electrospinning?*3® and is consis-
tent with previous results.3>3738 Thus in the case of neat
PEO fibers, the optical absorption for incident light po-
larized along the fibers’ axis is greatly enhanced com-
pared to perpendicularly polarized light.

In contrast, a clear structural change can be ob-
served for the fibers loaded with silica nanoparticles.
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The X-ray diffraction pattern for sample F; (20 vol %
SiO, in PEO) is shown in Figure 5a. Diffraction maxima
now spread over a broader range of azimuthal angles
suggesting crystal planes oriented off-axis relative to
the fiber alignment axis causing a higher degree of ori-
entational randomization. It is important to note that
in both cases the fibers are macroscopically aligned
along the same axis relative to the incident X-rays. Yet,
a more isotropic arrangement of the crystalline domains
is clearly observed in the diffraction pattern for the
particle-loaded fibers. Graphs comparing the azimuthal
distribution of scattered intensity for the neat and
particle-loaded fibers are shown in Figure 5b, where ra-
dial intensity profiles at scattering angle, 26 = 10.1° and
12.3°, are plotted as a function of the azimuthal angle (B)
for samples Fy and F3. The x-axis is scaled in pixels but cor-
responds to 3 values ranging from 0° (for pixel 0) to 90°
(for highest pixel value), considering only the meridional
sector of the diffractogram. For 26 = 10.1°, the intensity
profile for Fy shows sharper maxima than for F; at § =~ 45°,
and at 26 = 12.3° the profile for Fy shows symmetric
peaks corresponding to B ~ 22.5° and 67.5°, whereas a
relatively isotropic intensity profile is observed for F3. A
schematic of the polymer morphology inside particle-
loaded hybrid fibers is shown in Figure 5c to illustrate how
the introduction of silica nanoparticles into the fibers per-
turbs the orientational ordering of the polymer crystal-
line domains. These results confirm that the dichroic ra-
tio of the nanoparticle-loaded fibers decays due to an
increasing departure from the well-oriented state of the
crystallites in the neat fibers toward a more isotropic
phase. Importantly, these results suggest that the de-
crease in dichroic ratio is not simply a consequence of
lower crystallinity originating from nanoparticle-
incorporation into the polymer matrix but stems from a
perturbation-induced reorganization of the polymer crys-
tallites around the nanoparticles. DSC results shown in
Table 1 also corroborate that the PEO degree of crystallin-
ity decreases by only a marginal amount with increasing
nanoparticle content. This assertion is further supported
by an analysis of the dichroic behavior of fibers loaded
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Figure 5. (a) 2D X-ray diffraction pattern of sample F; (PEO fibers containing 20 vol% SiO, nanoparticles). (b) Scattered inten-
sity as a function of azimuthal angle, B (scaled in pixels, ranging from 0 to 90 deg of the meridional sector) for samples F, and
F3. Top graph shows azimuthal profile at scattering angle 26 = 10.1°, and bottom graph shows azimuthal profile at 20 = 12.3°.
(c) Schematic (not drawn to scale) showing perturbation of crystalline-domain orientation due to the incorporated silica nano-
particles into the fiber matrix.

with very minute fractions of gold nanoparticles, as dis- To fabricate the gold nanoparticle-loaded PEO
cussed next. fibers, 50 nm citrate-capped gold nanoparticles are in-
Now, we demonstrate a concrete example of how troduced in the polymer precursor prior to electrospin-
this clear understanding of the fundamental correla- ning. The electrospinning of the gold-loaded hybrid fi-
tion between the crystalline structure and optical prop-  bers (designated F,) was performed under identical
erties of hybrid electrospun fibers can lead to better conditions as for the silica-loaded samples. TGA analy-
ways of controlling the optical anisotropy of electro- sis on this sample yields a nanoparticle incorporation of
spun fibers. Indeed, the incorporation of minute quan-  ~0.2 vol %, as shown in Figure 6a. The low gold nano-
tities of metallic nanoparticles into the same PEO elec-  particle loading measured by TGA is consistent with
trospun fiber matrix can cause an even greater the HAADF-STEM micrograph displayed in the inset in
reduction in the overall dichroic ratio than with 2 or- Figure 6a where gold nanoparticles appear with high

ders of magnitude larger concentrations of silica nano-  contrast compared with the polymer owing to a much
particles. While the gold nanoparticles cause a local per-  higher atomic number. DSC analysis yields a melting
turbation of the crystalline domains similar to the silica  enthalpy of 192 J/g, which is very close to that of neat

case described above, the consequences of this PEO (197 J/g), and the obtained degree of crystallinity
particle-induced disordering of the polymer crystallites  for the gold loaded fibers is 94%.

are strongly enhanced by the electromagnetic field- The presence of the gold nanoparticles produces a
enhancement due to localized surface-plasmon oscilla-  strong plasmonic enhancement of the optical absorp-
tions around the metallic nanostructures. This result tion of the PEO matrix as shown in Figure 6b, where the

confirms that the decrease in dichroic ratio indeed oc-  absorption curves of neat PEO and gold-loaded PEO in
curs from a perturbation in domain-orientation as the the visible regime are compared. The absorption band
amount of gold nanoparticles incorporated into the for sample Fy is centered at 545 nm and corresponds to
fiber matrix is minuscule which thus has a negligible ef-  the surface plasmon resonance peak for 50 nm gold
fect on overall crystallinity of the polymer fibers, in com-  particles surrounded by PEO. The reduction in the dich-
parison to neat fibers. However, since the areas of roic ratio for the sample F, (gold) and F; (silica) are
domain-reorientation lie in regions of a plasmonically measured at three wavelengths (456, 532, and 633 nm)
enhanced field this results in an effective decrease in as indicated by arrows in Figure 6b. The degree of re-
dichroic ratio without a decrease in overall crystallinity ~ duction in dichroism (DOR) introduced in Figure 6c can
or a substantial loss of polymer mass. be defined as the normalized deviation from the intrin-
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Figure 6. (a) Chart showing thermogravimetric curve for gold-nanoparticle loaded fibers (F,). Inset shows HAADF-STEM image showing
electrospun PEO fiber with encapsulated gold nanoparticles. (b) Visible absorption spectrum of neat PEO fibers (F,, black curve) and gold-
loaded PEO fibers (Fa, red curve). Arrows indicate wavelengths at which degree of reduction was measured. (c) Chart showing degree
of reduction (DOR) for samples F, (®), F; (H), and F, (A). (d) Schematic (not drawn to scale) showing gold nanoparticles encapsulated in-
side macroscopically aligned PEO fibers, magnified view shows the plasmonically labeled regions of disorder. Regions of enhanced
field localized around nanoparticles are indicated by green clouds.

(

sic dichroic ratio of neat PEO fibers and is given by the
following expression:

where DR is the dichroic ratio for particle-loaded
samples F (gold) or F; (silica) and DRy is the intrinsic
dichroic ratio for neat PEO fibers. For nanoparticles of
similar size (50 nm), the DOR measurements shown in
Figure 6¢ confirm that minute fractions of gold (0.2 vol
%) incorporated in the electrospun fibers cause a loss in
dichroism comparable to what is achieved using 20
vol % of silica nanoparticle loading. Figure 6d shows a
schematic illustrating the mechanism underlying the
dramatic reduction in dichroism observed for electro-
spun fibers loaded with low fractions of gold nanopar-
ticles. The gold nanoparticles cause a local perturbation
of the crystalline domains in a manner similar to the

) VOL.4 * NO.10 * SHARMA ET AL.

silica-loaded fibers. However, the effect of the disorder-
ing of the polymer crystallites in the immediate vicin-
ity of the gold nanoparticles on the optical properties
of the nanocomposite is strongly enhanced by the elec-
tromagnetic field-localization due to surface-plasmon
modes around the metallic nanostructures, causing a
dramatic decrease in their dichroic ratio. Therefore, this
metal—nanoparticle incorporation scheme can provide
a powerful method for controlling the dichroic behavior
of the electrospun fibers since it efficiently reduces the
intrinsic optical anisotropy of electrospun polymer
fibers without losing the critical polymer mass associ-
ated with the incorporation of large volume fractions of
silica nanoparticles.

CONCLUSIONS

Electrospinning represents a robust nanofabrication
technique of producing high-quality polymer thin films.
However, a preferred orientation of polymer crystal-
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lites due to shear elongational forces during electro-
spinning generates a strong intrinsic optical anisotropy
in typical electrospun fibers, which can be problematic
for certain key thin film applications. We have demon-
strated an effective method for the reduction in optical
anisotropy of electrospun fibers via the incorporation
of nanoparticles. Using silica nanoparticles, we have
shown that the intrinsic dichroic ratio of the hybrid
polymer—particle fibers can be controllably reduced
by changing the nanoparticle concentration within the
fibers. We have used X-ray diffraction and differential
scanning calorimetry to confirm that this atypical be-
havior originates from changes in the crystalline
domain-orientation around the nanoparticles, and not
merely from a marginal reduction in their overall crys-
tallinity. The understanding of this crucial correlation

METHODS

Construction of Hybrid Fiber Arrays. SiO, nanoparticle dispersions
(0.5 mL) of increasing concentrations (0, 1, 2.5, 5 w/v %) were
added to 1.5 mL of an aqueous poly(ethylene oxide) (M.W.

900 000 g/mol) solution and stirred to allow homogenization.
The SiO, nanoparticles bear silanol functional groups on their
surface. A split collector electrode was constructed by placing
plastic spacers between two rectangular aluminum bars that
were then taped together to form an air gap of 1.2 cm. A sy-
ringe pump was utilized for pumping the precursor solution
through a 21 gauge metal needle (inner diameter, 0.51 mm),
and flow rate was optimized to give a stable electrospinning jet.
Electrospinning voltage was set at +12 kV by biasing the metal
needle and setting the split collector electrode as ground. Fibers
with encapsulated gold particles were constructed in an identi-
cal manner by blending a gold nanoparticle dispersion (0.5 mL,
0.2 pg/mL) with 1.5 mL of an aqueous PEO solution. Gold nano-
particles were stabilized by sodium citrate attached to their
surface.

Characterization of Hybrid Fiber Arrays. Optical microscopy was
conducted on the fibers using a Zeiss Axioskop 2 microscope.
Fibers were imaged by the JEOL JSM-7400F SEM operating at
voltages in the range 1—3 kV, in the standard (LEl) and second-
ary (SEl) mode at working distances of 3—8 mm. The fiber encap-
sulated nanoparticle assemblies were stuck to aluminum stubs
using adhesive carbon tape and sputtered with a thin layer of Au
prior to imaging. Thermogravimetric analysis was performed on
the nanoparticle-dosed fibers using the Perkin-Elmer Pyris 1 TGA.
Dry nitrogen was used as the purge gas, and thermograms were
generated by heating the sample from room temperature to
600 °C at the rate of 10 °C/min. The sample was then held at
600 °C for 2 min. Differential scanning calorimetry was con-
ducted on a Perkin-EImer Diamond DSC. Helium was used as
purge gas, and samples were heated to 100 °C at the rate of 10
°C/min and held at 100 °C for 2 min. An indium reference sample
was utilized for calibrating the DSC. Degree of crystallinity of
the samples was calculated by comparing the melting enthalpy
of the sample (area under the melting peak in the DSC thermo-
gram normalized per unit mass of polymer in the sample, as de-
termined by TGA) with the melting enthalpy of a PEO sample
with 100% crystallinity, 203 J/g.> X-ray diffraction data were col-
lected at the DND-CAT Synchrotron Research Center, Advanced
Photon Source at the Argonne National Laboratory. Wavelength
of X-rays from the synchrotron source was 0.82656 A. Color en-
hancement of the diffractograms was performed using a gradi-
ent overlay over the raw data to improve image contrast using
Photoshop software. Azimuthal plots were obtained using FIT2D
software by taking arc slices whose arc-coordinates (scattering
angle) were kept constant across diffractograms.

www.acsnano.org

between the structural morphology of
polymer—nanoparticle hybrid fibers and their optical
properties enabled the development of a unique plas-
monic control strategy over the dichroic behavior of the
electrospun fibers. The incorporation of minute
amounts of gold nanoparticles (0.2 vol %) causes the
dramatic reduction of intrinsic dichroism without los-
ing critical polymer mass, comparable to the reduction
observed with 20 vol % silica nanoparticles. This occurs
because gold nanoparticles plasmonically label regions
of crystalline disorder by preferentially localizing the in-
cident field at disordered sites and cause a dramatic de-
crease in the dichroic ratio. We believe this unique
material —design strategy will help facilitate the integra-
tion of electrospun films in polymer-based optoelec-
tronic platforms.
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