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ABSTRACT: Light-emitting electrospun (ES) nanofibers with diameters of-2B80 nm were successfully
prepared through the binary blends of polyfluorene derivative/poly(methyl methacrylate) (PMMA) using a single-
capillary spinneret. The studied poly(fluorene)s included poly(9,9-dioctylfluoreny-2,7-diyl) (PFO), poly[2,7-(9,9-
dihexylfluorene)alt-5,8-quinoxaline] (PFQ), poly[2,7-(9,9-dihexylfluorere}-4,7-(2,1,3-benzothiadiazole)] (PFBT),

and poly[2,7-(9,9-dihexylfluoreneggh-5,7-(thieno[3,4-b]pyrazine)] (PFTP). The transmission electron microscopy
(TEM) studies showed that uncontinuous fiberlike structure was obtained at the low PFO/PMMA blend ratio but
became a coreshell structure at a high PFO blend ratio. The poorer solubility of PFO in chloroform than that
of PMMA probably forced it to be solidified first as the fiber core. Besides, a porous surface structure on the
PFO/PMMA blend fibers was observed due to the rapid evaporation of the chloroform solvent. The PFO aggregation
domain in the ES fibers was much smaller than that in the spin-coated films and led to higher photoluminescence
efficiency. Uniform ES fibers produced from the binary blends of PFO/PMMA, PFQ/PMMA, PFBT/PMMA,
and PFTP/PMMA exhibited the following luminescence characteristics (peak maximum (nm); color): 443, blue;
483, green; 539, yellow; 628, red. The present study demonstrates that full color light-emitting ES nanofibers
could be produced from the binary blends of polyfluorene derivative/PMMA.

Introduction Chart 1. Chemical Structures of the Studied Polyfluorene
Derivatives: (a) PFO, (b) PFQ, (c) PFBT and (d) PFTP
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because they exhibit high thermal/chemical stability, excellent
fluorescence quantum yields, and substantial charge carrier H3
mobility. The photophysical properties of polyfluorene could

be tuned through the approaches of copolymer, blend, side chain
modification, or end-capping and result in an enhancement of

device characteristics’ However, most of the above studies '
are based on the thin film devices. The morphology and O O Accemor}
n

PFO

CeHiz CeHy3

properties of polyfluorene based nanofibers have not been fully
explored yet.
Electrospinning (ES) has emerged as a new technique to Acceptor =
produce various functional nanofib&fdbecause of its advan-
tages of low cost, flexible morphology tuning, and a high- V4 \
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throughput continuous production process. However, only few N N \ / N N
ES nanofibers based on conjugated polymers were reported
because of the limitations on molecular weight or solvétts ;/ \:
Highly conductive ES nanofibers prepared from acid-doped s
PFQ PFTP

polyaniline/ polystyrene blends were reported by MacDiarmid
and his co-worker&?b Tunable luminescence characteristics PFBT

were demonstrated on the ES nanofibers of poly[zl-methoxy- photophysical properties of ES nanofibers based on MERV
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5-(2-ethylhexoxy)-1,4-phenylene] (MEHPPV) /silicd*2and it poly(3-hexylthiopehen) (PHT) and with poly(9,9-dio-
poly(aryleneethynylene)s¢ Recently, the morphology and  ciyifyoreny-2,7-diyl) (PFO) were studied for field effect
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Figure 2. FE-SEM images of PFO/PMMA blend ES nanofibers with
(a) 10 and (b) 50 wt % of PFO.

In this study, we report the morphology and photophysical
properties of ES nanofibers based on the binary blends of
polyfluorene derivative/ poly(methyl methacrylate)(PMMA)
blends using a single-capillary spinneret. The studied polyfluo-
rene derivatives included poly(9,9-dioctylfluoreny-2,7-diyl)
(PFO), poly [2,7-(9,9-dihexylfluorena}t-5,8-quinoxaline] (PFQ),
poly[2,7-(9,9-dihexyl- fluoreneylt-4,7-(2,1,3-benzothiadiazole)]
(PFBT), and poly[2,7-(9,9-dihexyl- fluoren&)t-5,7-(thieno[3,4-

; . b]lpyrazine)] (PFTP). The chemical structures of the studied
Figure 1. FE-SEM images of 10 wt % PFO/PMMA blend ES polymers are shown in Chart 1. The morphology and diameter

nanofibers with different concentrations of BTEAC (wt %): (a) 0; (b) Of the prepared ES nanofibers were varied through different
0.5; (c) 3 (with respect to polymer). spinning conditions and then characterized by field-emission

scanning electron microscope (FE-SEM), transmission electron

. ] microscope (TEM), and laser confocal microscope (Confocal).
ponfIuorene/nonconjugateq polymer blend films were shown. The photophysical properties of the ES fibers were investigated
to reduce the PF aggregation and thus enhancement of Ium"by optical absorption and steady-state photoluminescence (PL).

gfscfﬂﬁi egg'eg%g?fo‘:e&?;sngﬁd'm%ﬁe\;]eré_?a}her:e::t_es Our results demonstrated the PFO/PMMA ES nanofibers could
u wiedge, P y P physical properties ¢, ., 3 core-shell structure at a high PFO content and had

of polyfluorene/nonconjugated polymer ES fibers have not been higher luminescence efficiencies than those of spin-coated thin

reported yet. Besides, tuning the luminescence color through . . ) .
P y g g films. Beside, full color luminescence ES fibers were produced

the visible range and quantum efficiency in such ES fibers also ) .
needs to be explored further. by varying the polyfluorne derivative/PMMA blend.
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Table 1. Compositions and Photophysical Properties of the Electrospun Fibers and Spin-Coated Films

composition (wt %) (4298159 (NmM) Plnax) (nm) PL efficiency (%)
electrospun fibers PFO/PMMA 1 397 421, 442 75.5
PFO/PMMA 5 398 425, 443 54.7
PFO/PMMA 10 399 426, 444 54.0
PFO/PMMA 30 403, 436 426, 444, 446 52.4
PFO/PMMA 50 406, 436 426, 444, 466, 501 44.6
PFQ/PMMA 5 324, 406 483 33.3
PFBT/PMMA 5 335, 458 539 24.5
PFTP/PMMA 5 314, 356, 531 437, 628, 658 3.9
spin—coated films PFO/PMMA 1 397,433 438, 463, 495 58.2
PFO/PMMA 5 397,433 439, 463, 495 50.2
PFO/PMMA 10 397, 433 440, 463, 495 48.8
PFO/PMMA 30 398, 433 441, 465, 498 45.4
PFO/PMMA 50 403, 433 441, 469, 500, 533 41.1
PFQ/PMMA 5 326, 409 477 11.2
PFBT/PMMA 5 324, 468 536 15.4
PFTP/PMMA 5 314, 364, 560 631, 661 3.6

aThe weight ratio of polyfluorene derivative/ PMMA

2.10), and poly[2,7-(9,9-dihexylfluorena}t-5,7-(thieno[3,4-b]pyra-
zine)] (PFTPM,, = 13 230, PDI= 1.47) were prepared according
; to our previous repofd High purity chloroform (HPLC grade,
Materials. The PMMA (M,, ~ 350 000) was purchased from . ) . X
Aldrich. PFO (,,~101000) Wwas obtained from American Dye TEDIA) and benzyl'tnethylammonlum chloride (BTEAC, Aldrich)
Source, Inc. Poly[2,7-(9,9-dihexylfluorena}t-5,8- quinoxaline] ~ Were used as received.

Experimental Section

(PFQ,M,, = 35530, PDI= 1.87), poly[2,7-(9,9-dihexyl-fluorene) Electrospinning Setup. The PFO/PMMA blend with the con-
-alt-4,7-(2,1,3-benzothiadiazole)] (PFBM,, = 39 900, PDI= centration of 100 mg/mL in chloroform and the benzyl triethylam-

() (c)

ks v s S— =

Figure 3. TEM images of ES nanofibers prepared from (a) 1, (b) 10, (c) 30, and (d) 50 wt % PFO blends. The insert figure illustrates the laser
confocal microscope images of the above ES fibers.
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Figure 4. Laser confocal microscope images of (a) 10 and (b) 30 wt % PFO ES fibers and the corresponding spin-coated films (c and d). The inset
shows the optical images of the above ES fibers and spin-coated films.

monium chloride (BTEAC, a soluble organic salt) of-8 wt % model 100) connected to the metallic needle, with the feed rate of
(with respect to the polymer) were used to produce the ES fibers. 2 mL/h. The metallic needle was connected to a high-voltage power
Note that BTEAC was soluble in chloroform and easily to be supply (chargemaster CH30P SIMCO), and a piece of aluminum
removed from the resulting ES fibers by a methanol treatment. It foil or silicon wafer was placed 15 cm below the tip of the needle
was found out that the salt concentration of 3 wt % BTEAC was to collect the nanofibers. The spinning voltage was set at 20 kV.
able to produce uniform PFO/PMMA fibers (see the results and All experiments were carried out at room temperature.
discussion) and used to prepare the ES fibers in the present study. For the comparison with morphology and properties of the ES
The polymer blend compositions of PFO, PFQ, PFBT, and PFTP fibers, thin films of the polyfluorene derivative/PMMA blends were
with PMMA are listed in Table 1. The PFO blend was varied from spin-coated from chloroformsolutions at a spin rate of 1500 rpm
1 to 50 wt % while others were fixed at 5 wt % with respect to for 60 s.
PMMA. Morphology of Electrospun Fibers and Thin Films. The
The ES fibers were prepared using a single-capillary spinneret. morphologies of ES fiber and spin-coated films prepared were
First, the solution was fed into the syringe pumps (KD Scientific characterized by field-emission scanning electron microscope (FE-
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Figure 5. UV —vis absorption spectra of the-50 wt % PFO blend
ES fibers and those of the corresponding blend spin-coated films are
shown in the inset figure.
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Figure 6. Photoluminescence emission spectra of (a) PFO/PMMA
blend ES nanofibers and (b) spin-coated thin films.

SEM) (JEOL JSM-6330F). Those images were taken using a
microscope operated at an accelerating voltage of 15 kV. Before
imaging, the samples were sputtered with Au/Pt. TEM images were
taken using a Transmission Electron microscope (JOEL JEM-1230)
operated at 100 keV. Fluorescence optical microscope images wer
taken using a two-photon laser confocal microscope (Leica LCS
SP2).
Photophysical Properties.UV—visible absorption and photo-

luminescence (PL) spectra were recorded on-Wigible spectro-
photometer (Hitachi U-4100) and Fluorolog-3 spectrofluorometer

Light-Emitting Electrospun Nanofibers6963

(Jobin Yvon), respectively. The PL efficiencies of ES fibers and
spin-coated films onto quartz substrates were measured using a
Fluorolog 3 in combination with an integration sphere with 380
nm excitation, as described in our previous stéftly.

Results and Discussion

The BTEAC salt concentration was optimized first to produce
uniform ES fibers. Figure Tac shows the FE-SEM images of
10 wt % PFO/PMMA blend ES fibers prepared at solution
concentrations of 100 mg/mL with the BTEAC concentrations
of 0, 0.5, and 3 wt % (with respect to polymer), respectively.
Without the BTEAC salt, a bead-fiber structure is observed at
Figure 1a, due to the low solution viscosity. Such a bead-forming
structure was resolved by adding the BTEAC salt since it could
enhance the surface tension and conductfifihe bead density
is largely reduced and becomes insignificantly by adding 0.5
wt % (Figure 1b) and 3 wt % (Figure 1c) of BTEAC,
respectively. The continuous PFO/PMMA ES fibers with the
diameters ranging from 250 to 750 nm are shown in Figure 1c.
Hence, the following experimental conditions were used to
prepare all of the following ES fibers for discussion: polymer
solution concentration of 100 mg/mL in chloroform with 3 wt
% (with respect to polymer) of BTEAC.

The FE-SEM images of 1, 30, and 50 wt % PFO ES
nanofibers shown in Figure S1 (Supporting Information) shows
that the fiber diameters are in the range of 2860 nm. The
similar fiber diameter in different PFO blend ratio is as expected
since the fixed concentration of the ES solution and the much
larger molecular weight of PMMA than that of PFO. However,
the numbers of beads were also enhanced with increasing PFO
blend ratio, as shown in Figure S1, parts b and c. It might result
from the more rigid structure of PFO as compared with that of
PMMA and increasing PFO aggregation at a high blend ratio.

Parts a and b of Figure 2 show the FE-SEM images of the
10 and 50 wt % PFO/PMMA blend ES fibers, respectively. The
insert figures show the enlarged FE-SEM images of the
corresponding ES fibers. A porous surface structure with the
pore size of 56-150 nm is exhibited in both blend ES fibers.
Besides, the strong stretching force associated with electrospin-
ning induces orientation of these pores along the axis of a fiber.
The 1 and 30 wt % PFO ES fibers also exhibit a porous surface
structure, as shown in Figure S2, parts a and b, of the Supporting
Information. The porous structure is probably resulted from the
rapid evaporation of the chloroform solvent and a subsequent
rapid solidification during the ES process, similar to that
observed in the literatufé! These porous ES fibers might
increase surface-to-volume ratios and thus have potential
applications in photonics and sens#¥se

Figure 3 shows that TEM images of ES nanofibers prepared
from (a) 1, (b) 10, (c) 30, and (d) 50 wt % PFO blends,
respectively. The insert figures show the laser confocal micros-
copy images of the corresponding ES fibers. PFO is a conjugated
polymer with a significantz-electron delocalization and may
have a higher electronic density than PMMA. Thus, the dark
fiber-like structure in the TEM image is assigned to the PFO
domains. As shown in Figure 3a, PFO phase-separated fiber-
like domains with dimension size ofb nm in the fiber center
is observed in the image of the 1 wt % PFO ES fibers. Such
fiber-like domains are increased as PF blend ratios are enhanced

efrom 10, 30, and 50% PFO blend ratios; 50 (Figure 3b), 16

20 (Figure 3c), and 40660 nm (Figure 3d), respectively.
Besides, a coreshell structure with the aligned fiber-like
structure is observed in the 50 wt % PFO blend ES fibers of
Figure 3d. It suggests that the uncontinuous fiber-like structure
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Figure 7. Laser confocal microscopy images of 5 wt % polyfluorene derivative/ PMMA blend ES nanofibers with (a) PFO; (b) PFQ); (c) PFBT;
(d) PFTP.

is obtained at the low PFO blend ratio but becomes continuousand d. The numbers and domain sizes of aggregates of Figure
fiber-like structure at a high PFO blend ratio. The rigid structure 4d are also much larger than those of Figure 4c, which suggests
of the PFO could have a poorer solubility in chloroform than that they result from the PFO. The confinement of the liquid
PMMA and thus solidify quicker than PMMA during the ES  jets during the ES process probably results in smaller phase-
process. Thus, PFO is formed at the fiber core and subsequentlyseparated domains than those of the spin-coated films, which
PMMA as the fiber shell. Moreover, many studies have shown is similar to that reported in the literatut& Furthermore, the
that the strong stretching forces associated with electrospinningES process may produce more extended PFO chain conforma-
may induce orientation of polymer chains along the long axis tion along the fiber axis and thus reduce the aggregation of PFO
of fiber13 It is expected that such aligned nanofibers of in comparison with the spin-coated films. Such difference on
conjugated polymers may exhibit unique properties such as highthe aggregated domain would result in a significant variation
charge-carrier mobili}#2or polarzed photoluminescenté!4 on the photophysical properties, as discussed below.

Figure 4 shows the laser confocal and optical (insert figure)  Photophysical Properties. Figure 5 shows the UWvis
images of the 10 and 30 wt % PFO blend ES fibers and spin- absorption spectra of the PFO/PMMA ES fibers and those of
coated films, respectively. Parts a and b of Figure 4 show the corresponding spin-coated films are shown in the inset
uniform blue ES fibers and smooth optical images in the inset figure. As shown in the figure, only single absorption maximum
figures. However, large aggregated domains with the sizes 100(Ama2°9 around 397 nm is observed in the absorption spectra
nm~50 um are shown in the blend films of Figure 4, parts ¢ of 1—10 wt % PFO blend ratio but a side absorption band with
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AmadPs at 436 nm at a higher PFO content. However, the 12

absorption peak maxima around 39403 and 433 nm are - 5% PFs/PMNA fibers
shown in all of the blend ratios for the blend films. Since the 10 e

optical absorption maximum of the PMMA is below 250 nm, g ——PFBT

the absorption band at 397 nm is attributed to the PFO, which § ——PIP

is also close to that reported for the PFO/PMMA filfs. 'g

Although there is insignificant difference on the absorption band § 06

around 397 nm, the intensity of the side band is different on -

the high PFO blend ratio between the ES fibers and thin films. ﬁ okl

The side band around 436 nm is attributed to the PFO aggregatesg
with an ordered intrachain conformation and a more delocalized &
ground-state structur@.The evolution of the side band at 433 0.2
or 436 nm in Figure 5 suggests that the PFO aggregation is

much higher in the blend films than that of the ES fibers. In 0.0 .
addition, the absorption band of ES nanofibers is broadened as . 1 . 1 . 1 . 1 . 1

the PFO ratio is enhanced, which is due to a more inhomoge- 300 400 500 600 700 800
neous environment, as reported in other ES blend fig@@g> Wavelength (nm)

Parts a and b of Figure 6 show the photoluminescence spectra
of the PFO/PMMA ES fibers and their corresponding spin- 12} 5% PRSIPMMA fibors
coated blend films excited at 380 nm. The corresponding ] R
emission maxima Af'n.) and luminescence efficiency are 1.0 4 PP

summarized in Table 1. At the low PFO blend ratios ef1D 2
wt %, two emission peaks at 421 and 442 nm are observed in 2
Figure 6a but additional emission peaks at 446 nm and at 466 €
and 501 nm are observed for 30 and 50 wt % PFO fibers, §
respectively. For the case of spin-coated films, three emission &
peaks with maxima around 43841, 463-469, and 495500
nm are observed at all PFO blend compositions. Note that the 2
PL emission maxima of PFO films at 436, 463, and 494 nm
are due to different vibronic structuré&.The blue-shifted
emission bands in the ES nanofibers in comparison with those -
of spin-coated films clearly indicates a the weaker interaction e
in the ES fibers, which could result from the small aggregation 400 450 500 550 600 650 700
domain. Besides, The 50 wt % PFO blend film shows a clear Wavelength (nm)

emission band at 533 nm, which is suggested to be aggregatefigyre 8. (a) Optical absorption and (b) photoluminescence emission
excimer emissiol? although the keto defect may also lead to spectra of 5 wt % polyfluorene derivative /PMMA blend ES nanofibers.
such emission barf¥.

Table 1 shows the internal quantum efficiency excited by maxima of the parent polymers, PFQ, PFBT, and PFTP are 416,
380 nm of PFO/PMMA fibers and their corresponding films. 470, and 578 nm, respectively, while those of emission are 493,
The quantum efficiency of the ES fibers and films decreases 540, and 674 nm, respectivélyThe above absorption maxima
from 75.5 to 44.6% and 58.2 to 41.1%, respectively, as the PFOOf the ES fibers are blue-shifted from those of thin films, as
blend ratio is increased from 1 to 50 wt %. The trend between shown in Table 1, which could be due to the different
the quantum efficiency and the blend ratio could be explained aggregation size and interchain interaction. However, the
by the enhanced PFO aggregation at the high PFO blend ratiocomparison on the emission maxima between the ES fibers and
since the aggregation/excimer generally reduces the fluorescencdlms does not show a clear trend. The PL quantum efficiencies
efficiency® The higher quantum efficiency of the ES fiber than of the PFQ/PMMA, PFBT/PMMA, and PFTP/PMMA ES fibers
that of the corresponding film on the same blend ratio indicates are 33.3, 24.5, and 3.9%, which are higher than those of the
the lower PFO aggregation of the former. corresponding films with 11.2, 15.4, and 3.6%, respectively.
The aggregation degree between the ES fibers and the spin-
coated films probably results in the difference on the lumines-

rma

Parts a-d of Figure 7 shows the laser confocal microscope
images of ES nanofibers from 5 wt % PFO/PMMA, PFQ/

PMMA, PFBT/PMMA, and PFTP/PMMA blends, respectively, Ce1ce efficiency. _ _ _
which have the colors of blue, green, yellow, and red. It suggests | 1€ Present study suggests that high luminescence ES fibers

that full color ES fibers could be produced from the PF With various emission colors could be produced by the poly-
derivative/PMMA blend. The fiber diameters of the above four fluorene derivative/PMMA blends. Such fibers could be poten-
blend systems are in the range of 25®0 nm, as shown in  tially used for sensory device applications.

the FE-SEM images of the inset figure. The similar diameter
of the above ES fibers is because 95% of the blend is PMMA
and its higher molecular weight than the studied polyfluorene In this study, light-emitting electrospun nanofibers with the
derivative. Parts a and b of Figure 8 show the optical absorption diameters of 256750 nm were successfully prepared through
and photoluminescence spectra of the studied four blend ESthe polyfluorene derivative/PMMA blends using a single-
fibers. The longest optical absorption maxima of the PFQ/ capillary spinneret. The TEM results showed that uncontinuous
PMMA, PFBT/PMMA, and PFTP/PMMA ES fibers are ob- fiber-like structure was obtained at the low PFO/PMMA blend
served at 406, 458, 531 nm while the emission maxima are atratio but became coreshell structure at a high PFO blend ratio.
483, 539, (628, 658), respectively. Note that the absorption Besides, porous surface structure on the PFO/PMMA blend

Conclusions
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fibers was observed in the SEM images due to the rapid
evaporation of the chloroform solvent. The polyfluorene ag-
gregation in the ES fibers is much smaller than that in the spin-
coated films due to the geometrical confinement of the ES
process and results in higher luminescence efficiency. Uniform
ES fibers produced from the binary blends of PFO/PMMA,
PFQ/PMMA, PFBT/PMMA, and PFTP/PMMA exhibited the
luminescence colors of blue, green, yellow, and red, respectively.
The present study demonstrates that full color light-emitting ES
nanofibers could be produced from the binary blends of
polyfluorene/ PMMA.
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