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ABSTRACT: Electrospinning is a powerful technique to produce
nanofibers of tunable diameter and morphology for medicine
and biotechnological applications. By doping electrospun
nanofibers with inorganic and organic compounds, new func-
tionalities can be provided for technological applications.
Herein, we report a study on the morphology and optical prop-
erties of electrospun nanofibers based on the conjugated
polymer poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenyleneviny-
lene] (MEH-PPV) and poly(methylmethacrylate) (PMMA). Ini-
tially, we investigate the influence of the solvent, surfactant,
and the polymer concentration on electrospinning of PMMA.
After determining the best conditions, 0.1% MEH-PPV was

INTRODUCTION Nanostructured materials, including nano-
particles, nanofibers, nanowires and ultrathin films, play a
crucial role in fields such as biotechnology, medicine, and
organic electronics." Among techniques to produce nanoma-
terials, electrospinning stands out due to the feasibility for
producing various functional nonwoven fibers with tunable
diameters and shapes. The driving force of interest for this
technique is the possibility of producing inorganic and poly-
meric fibers with potential applications as tissue scaffolds,
supports for enzymes and catalysts, filtration media, elec-
tronic, and optical devices.” Electrospun polymer nanofibers
could also be used for developing functional sensors, thanks
to the high surface area of nanofibers that improves sensors
sensitivity.3 The feasibility of combining compounds with
desirable functionalities on the fibers can also be exploited
in several technological applications.* A recent example in
this field was reported by Min et al., where a highly sensitive
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added to obtain fluorescent nanofibers. The optical character-
izations display the successful impregnation of MEH-PPV into
the PMMA fibers without phase separation and the preserva-
tion of fluorescent property after fiber electrospinning. The
obtained results show the ability of the electrospinning
approach to obtain fluorescent PMMA/MEH-PPV nanofibers
with potential for optical devices applications. © 2014 Wiley
Periodicals, Inc. J. Polym. Sci., Part B: Polym. Phys. 2014, 52,
1388-1394
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and selective optical chemical sensing of Cu(Il) has been
obtained by electrospinning rhodamine dye doped poly(ether
sulfones).”

Incorporation of optoelectronically active materials, such as
conjugated polymers and/or quantum dots, into electrospun
nanofibers is also an appealing method to control the optical
and electronic properties of devices at the nanometer
scale.®” One of the conjugated polymers exhibiting fluores-
cent properties that has received significant interest is
poly(1,4-phenylenevinylene) (PPV) as well as its derivatives,
due to their potential uses as organic light-emitting diodes
(LEDs) and photovoltaic devices.® One of the most interest-
ing members of the PPV family is poly[2-methoxy-5-(2-ethyl-
hexyloxy)—1,4-phenylenevinylene] (MEH-PPV), because of its
improved solubility and decreased intermolecular interaction
in comparison with traditional PPV, as a result of the
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introduction of side chains.’ Recent efforts have been made
to fabricate MEH-PPV-based nanofibers.'® For example, in
electrospun MEH-PPV/molecular sieve composite nanofibers,
the fluorescence spectrum is blue-shifted compared with that
of the thin films and solutions, presumably due to the reduc-
tion of the degree of MEH-PPV aggregation in the nanofib-
ers.'’ Optoelectronic studies on the electrospun nanofibers
made of MEH-PPV and polythiophene revealed that the
energy transfer between the two components depends on the
detailed morphologies of the nanofibers.'? Despite these
results, fabrication of electrospun fibers of conjugated poly-
mers is still a challenging process. Therefore, it is of interest
to determine optimal conditions for electrospinning nanofib-
ers containing low MEH-PPV concentrations with good mor-
phology and intense photoluminescent properties.

In this work, we report the systematic study of PMMA and
MEH-PPV-doped PMMA electrospun fibers. By optimizing the
process conditions (polymer concentration and solvent),
fibers with controlled diameter and morphology and free of
defects were obtained at relatively lower concentration of
PMMA and 0.1% MEH-PPV. The surface morphology was
characterized by scanning electron microscopy (SEM) and
Fourier transform infrared (FTIR) spectroscopy. The thermal
stabilities and thermal behaviors of the fibers were explored
by thermal gravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). The optical properties of PMMA/
MEH-PPV fibers were also investigated, revealing that the
fibers retain the photoluminescent properties of the conju-
gated polymer. Such composite fibers are potential candi-
dates for red-light device applications, such as LEDs, flat
panel displays, photovoltaic cell, and optical sensors.

EXPERIMENTAL

Materials

Poly(methylmethacrylate) (PMMA, M, =350,000), poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-
PPV, M,, =40,000 - 70,000), and hexadecyltrimethylammo-
nium bromide (CTAB) were purchased from Sigma-Aldrich.
The solvents including chloroform and 1,2-dichloroethane
were purchased from Synth Chemical (Sao Paulo, Brazil). All
the chemicals were used as received.

Sample Preparations

Polymer solutions were prepared by dissolving 5, 7, and
20% (w/v) PMMA in chloroform and 1,2-dichloroethane. The
solutions were stirred for ~4 h at room temperature. The
PMMA/MEH-PPV solution was prepared using chloroform as
solvent, in concentrations of 5% (w/v) PMMA and 0.1%
(w/w) MEH-PPV. CTAB surfactant was also added to the
solution [10% (w/w)] to help obtaining PMMA/MEH-PPV
nanofibers with smaller diameters and smoother surface.
Solutions were prepared by dissolving all chemicals together
and stirring for 4 h at room temperature.

Electrospinning Process
PMMA and PMMA/MEH-PPV electrospun nanofibers were
obtained by using an electrospinning apparatus at a feed
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rate of 0.15 mL h™ ' and an electric voltage of 20 kV. A work-
ing distance of 6 cm was kept between the syringe and the
metallic collector. The inner diameter of steel needle was
fixed at 1.2 mm.

Physico-Chemical Characterization

The morphology of the fibers was evaluated by a SEM (JEOL
6510) operating at 10 kV. Fiber diameters were measured
using image analysis software (Image ], National Institutes of
Health). For each experiment, average fiber diameter and dis-
tribution were determined from ~100 random measure-
ments from fiber micrographs. FTIR spectra were recorded
on a Spectrum 1000 (Perkin Elmer) spectrometer. A total of
64 scans were collected with a resolution of 2 cm™*. The
FTIR spectra were recorded in transmission mode using
thick films of electrospun polymer nanofibers, which were
deposited onto a silicon wafer.

TGA were performed on a Q500 TA thermogravimetric ana-
lyzer under nitrogen atmosphere, at a flow rate of 20 mL
min~'. Samples were scanned from room temperature up to
600 °C at a scanning rate of 10 °C min ' using platinum
pans. DSC analyses were performed on a Q100 TA calorimet-
ric analyzer under nitrogen atmosphere, at a flow rate of
20 mL min~'. The samples were heated from —80 to 200 °C
at a scanning rate of 10 °C min ! using aluminum pans.

Fluorescence confocal images of MEH-PPV/PMMA nanofibers
were obtained with a Carl Zeiss-LSM510 confocal laser scan-
ning microscope and the photoluminescence (PL) spectrum
was collected using a Hitachi fluorometer, model F-7000. For
the confocal microscopy and the PL measurements, the nano-
fibers were electrospun directly on glass substrates.

RESULTS AND DISCUSSION

Studies have shown that the nature of the solvent and the
polymer concentration can significantly affect the electro-
spinning process and thereby the diameter and morphology
of the resulting fibers."”®> Hence, the effect of these parame-
ters on electrospinning of PMMA was systematically investi-
gated. Three different concentrations (5, 7, and 20%) and
two different organochloride solvents, including chloroform
and 1,2-dichloroethane were used to evaluate the effect on
the PMMA fiber formation. These solvents were chosen
because they were good solvents for PMMA,'* which means
that the polymer-solvent interactions are more important
than polymer-polymer interactions.

The SEM images of the electrospun fibers obtained from the
PMMA solutions with different concentrations in 1,2-
dichloroethane and chloroform are shown in Figure 1. The
PMMA electrospun fibers obtained from lower polymer con-
centration solutions (5 and 7%) are ribbon like with beads
along the fiber direction, and display a range of sized nano-
pores along the fiber surface [Fig. 1(a-d)]. Polymeric ribbon
morphology obtained by electrospinning process can be
explained by collapse of the skin on the jet during stretch-

ing.!® Porous electrospun fiber morphology is probably due
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FIGURE 1 SEM images of PMMA nanofibers using chloroform: (a) 5; (c) 7; and (e) 20% (w/v) and 1,2-dichloroethane: (b) 5; (d) 7;

and (f) 20% (w/v).

to the effects of relative humidity, which is also influenced
by polymer hydrophobicity, solvent properties, and applied
charge.16 On the other hand, uniform and continuous fibers
were formed when the concentration was 20% (w/v) [Fig.
1(e,f)]. By increasing the polymer concentration, there is an
increase in chain entanglements, thereby increasing the vis-
cosity of the polymer solution, which overcomes the surface
tension of the polymer solution, resulting in fewer beads.’

Table 1 summarizes average diameters of the as-spun fibers
obtained. It is possible to observe that as the solution con-
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centration increases, the fiber diameter also increases due
the higher solution viscosity. The as-spun fibers from PMMA
solution in chloroform presented higher diameters than
those obtained in 1,2-dichloroethane. In the electrospinning
technique, electrical forces affect the stretching charged jet;
for instance, high dielectric constant enhances the charge
density at the surface of the jet, allowing better stretching
and uniform formation of fibers with appropriate morphol-
ogy. The greater dielectric constant of 1,2-dichloroethane
compared with that of chloroform is probably responsible
for the smaller diameters of the obtained fibers, because
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TABLE 1 Fiber Diameters Obtained Using Different Solvent and
Polymer Concentrations

Polymer
Concentration Mean Diameter
Solvent (% wiv) (nm)
1,2-Dichloroethane 5 110 =58
570 =216
20 2170 =490
Chloroform 449 +135
590 + 188
20 2250 =510

greater dielectric constant leads to greater Coulombic repul-
sion force (being responsible for the stretching of the
charged jet) and electrostatic force (being responsible for
carrying the charged jet to the collective target).'®

Aiming at obtaining thinner and bead-free fibers, 10% (w/
w) of cationic surfactant, dodecyltrimethylammonium chlo-
ride (CTAB), was added to the 5% (w/v) PMMA solution.
One of the most serious problems in application of electro-
spinning is the presence of beads on the fibers, which impair
fibers final properties when fabricated by nonwoven
approaches.'® Additives for facilitating bead-free electrospun
fibers include salts and surfactants.?° Although salts may
increase the electrical conductivity of the solution to be
spun, they have limited effect on the surface tension and vis-
cosity of the polymer solution. In addition, the selection of
salt is limited by the fact that the solvents used in most of
the cases are organic. Surfactants, on the other hand, reduce
the surface tension and viscosity of the solution and also
optimize the charge density of the polymer solution. Hence,
in order to reduce the beads and fiber diameters, CTAB was
chosen as additive in our case. Between the two solvents
investigated, 5% (w/v) PMMA solution in chloroform was
chosen as the model solution, because CTAB and MEH-PPV

maan diameter = 168 + 74 nm

100 150 0 250 300
Fiber diameter (nm)

FIGURE 2 SEM image of PMMA nanofibers achieved in the
presence of 10% (w/w) CTAB. The inset shows the histogram
of size distribution.
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in the presence of PMMA were better solubilized into a clear
solution using this solvent.

The use of 10% (w/w) CTAB yielded fibers with regular and
smooth surface morphologies and bead-free fibers (see Fig.
2), with may play an important role for technological appli-
cations. The obtained results reveal that addition of CTAB
strongly helped to decrease nanofibers diameters
(~169 nm) from the PMMA in chloroform solution (see
Table 1). Besides, the addition of CTAB also improved the
electrospinnability of the solutions, being responsible for an
increase in the mass throughput of the as-spun products,
most likely due to the increased electrostatic force.*!

After determining the optimized conditions for electrospin-
ning PMMA, 0.1% (w/w) MEH-PPV was added to the main
solution to obtain luminescent nanofibers. SEM image dis-
played in Figure 3 reveal that no significant changes were
observed on fibers diameter, except a decrease on the size
distribution of nanofibers diameters after MEH-PPV addition
(inset Fig. 3).

To confirm the incorporation of MEH-PPV in PMMA nanofib-
ers, the samples were analyzed by FTIR spectroscopy (Fig.
4). Figure 4(a) shows that the pure PMMA nanofibers pres-
ent peaks at 1722 cm ' (C=0 stretching vibration),
1448 cm™ ' (skeletal CH, deformation), 1272 and 1244 cm ™!
(C—C—O0 in the ester group) and 1194 and 1148 em !
(C—0—C of the methoxy group).>* For the PMMA nanofibers
modified with MEH-PPV [Fig. 4(b)] it is possible to observe,
in addition to the same peaks observed for pure PPMA, a
shoulder located at 1650 cm ' corresponding to the C=C
stretch of the vinylene group, and the peak at 1064 cm '
associated to the alkyl-oxygen stretch, characteristics of
MEH-PPV.2® In addition, the peak attributed to the C=0 of
PMMA shifts to 1734 cm ™}, indicating the existence of chem-
ical interactions between the polymers.**

To study the thermal properties of neat PMMA and PMMA/
MEH-PPV fibers, both TGA and DSC were carried out.

mean diameter = 160 + 32 nm

FIGURE 3 SEM image of PMMA/MEH-PPV nanofibers. The
inset shows the histogram of size distribution.
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FIGURE 4 FTIR spectra of (a) PMMA and (b) PMMA/MEH-PPV
nanofibers.

Figure 5(a) shows the TGA curves of the samples. Both
PMMA and PMMA/MEH-PPV exhibit two distinct thermal
behaviors: the first weight loss, starting at room temperature
and extending up to 270 °C, results from the evaporation of
residual solvent and the removal of low molecular weight
molecules (CTAB), while the second weight loss, with maxi-
mum derivative at 350 °C, is due to the complete decomposi-

(a) 100+
754
)
&
S 504
=
2
]
= 254
0 T T L T L2 T i T %
100 200 300 400 500 600
Temperature (°C)
(b)
)
«
‘; \\ PMMA/MEH-PPV
2 2T
T
= N Tt
[4}]
T
T

v v T v T T T v T
50 75 100 125 150 175
Temperature (°C)

FIGURE 5 (a) TGA and (b) DSC curves of PMMA (solid line)
and PMMA/MEH-PPV (dashed line) nanofibers.
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tion of PMMA2® In comparison, the PMMA/MEH-PPV
nanofibers show a slightly higher (10 °C increment)
improved thermal stability, which may be attributed to the
interaction between PMMA and MEH-PPV.

Figure 5(b) shows DSC curves for PMMA and PMMA/MEH-
PPV fibers. It is possible to observe that PMMA fibers display
a glass transition temperature (7;) at 128 °C, while PMMA/
MEH-PPV fibers showed a slightly lower T, of 124 °C. The
incorporation of MEH-PPV also causes a subtle change on
the melting point temperature (T,,), which increases from
170 to 177 °C. The lower T, and higher T, could also be
attributed to the interaction between MEH-PPV and PMMA
and indicates a good miscibility of the two polymers, as
expected, once only small amounts of MEH-PPV (0.1%) was
added to the PMMA solution.

In Figure 6(a), optical microscope image of typical MEH-PPV-
containing PMMA nanofibers is displayed, while Figure 6(b)
shows fluorescence microscope image evidencing the red
light uniformly emitted from the nanofibers membrane.
Figure 6(c) displays a confocal laser scanning microscopy
(CLSM) image (artificial color) of the PMMA/MEH-PPV
nanofibers, obtained using laser excitation wavelength at
458 nm. The CLSM images confirmed the emission of MEH-
PPV along the electrospun nanofibers.

The fluorescence of MEH-PPV is strongly dependent on its
aggregation states/conditions.*?®*” The emission from iso-
lated MEH-PPV polymeric chains (such as those existing in
extremely dilute solutions and/or nanoparticles with sizes of
a few nanometers) mainly originate from the optical transi-
tions of the excited states in separated conjugated chain seg-
ments. The lengths and structures of those segments are
determined by both, the chemical structures and defects in
the conformations of each individual MEH-PPV chain.?®
Those MEH-PPV conjugated chain segments can be photoex-
cited to generate intra-chain excitations, which can emit fluo-
rescence at a wavelength centered around 560 nm.?”*° The
emission from aggregated MEH-PPV polymers occurs at lon-
ger wavelengths; and such emission is affected by the inter-
chain interactions (including =-n interactions and chain
entanglements), which are sensitive to the molecular weight
of MEH-PPV, solvent of the solution, annealing temperature,
and film preparation parameters.?® Figure 6(d) shows the PL
spectra of PMMA/MEH-PPV nanofibers, whose spectrum
presents the same features of neat MEH-PPV film.° Such
result indicates that the PL property of MEH-PPV was not
greatly affected by the presence of PMMA. However, when
compared with the MEH-PPV solution, the spectrum of the
nanofibers exhibits a blue shift (4,5 =550 nm). A possible
explanation for this effect is that PMMA and CTAB may serve
as steric spacers that hinder MEH-PPV aggregation, which
might prevent n-n stacking to some extent during
electrospinning.*

Our results show that MEH-PPV can be effectively impreg-
nated into the PMMA fibers without phase separation, and
that the fluorescent property of MEH-PPV was preserved
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FIGURE 6 (a) optical microscopy image, (b) fluorescence microscope image, (c) confocal microscopy image, and (d) PL spectra of
typical PMMA/MEH-PPV nanofibers. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

after fiber electrospinning. Such nanofibers with controlled
diameter and morphology and free of defects are important
for optical applications, including optical devices and chemi-
cal sensors.

CONCLUSIONS

Electrospun PMMA fibers with average diameters ranging
from 110 nm to 2.25 pm were successfully prepared from
solutions in chloroform and 1,2-dichloroethane. Irrespective
of the solvent, an increase in polymer concentration resulted
in an increase of average fiber diameter with less possibility
for bead formation. Addition of CTAB surfactant drastically
improves the solution spinnability, even for low concentra-
tion solutions, leading to nanofibers with good morphology,
small diameters and controlled size. Incorporation of MEH-
PPV leads to nanofibers with essentially the same physico-
chemical properties of neat PMMA fiber. Besides, optical
characterizations showed that MEH-PPV was effectively
impregnated into the PMMA fibers without phase separation,
and that the fluorescent property of MEH-PPV was preserved
after fiber electrospinning. The results presented here dem-
onstrate that fibers with good morphology and controlled
diameter can be obtained by the electrospinning approach to

MJ‘(T%H} WWW.MATERIALSVIEWS.COM
|

obtain fluorescent nanofibers with potential application for
optical devices and chemical sensors. In addition, by altering
the insulating polymeric matrix (PMMA) by a conducting
one, the obtained nanofibers could also be applied for elec-
tronic applications.
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