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In the past decade, a lot of attention has been focused

on microfluidics for processing and manipulating fluids

in channels with dimensions from a few to hundreds of

micrometers.[1] Recently, researchers began to investigate the

potential of fluidics at the 10–100 nm scale[2] because of its

unequalled manipulation, separation, and delivery accuracy

at molecular scale, and due to the availability of flexible

lithographic techniques[3] for fabricating structures with

sub-micrometer resolution. The possibility of controlling

the motion of liquids in nanochannels paved the way to the

realization of new devices for biological analysis[2b,e] and

photonics,[4] improving the spatial resolution and sensitivity in

single-biomolecule fluorescent detection, and enabling spectral

tunability in nanopatterned optoelectronics. When in nano-

fluidic channels, molecules with dimensions smaller than their

free solution size can be forced to assume a 1D conformation,

which allowed the separation of DNA molecules, aiming to

replace standard electrophoretic techniques.[2e,f]

In particular, organic, optically, or electrically active 1D

nanostructures[5] are attracting increasing attention in view of

their integration into sensors and lab-on-a-chip devices, to date

necessarily connected to external light sources for fluorescence

excitation. These devices would need miniaturized (nanoscale)

polarized organic light sources, allowing one to easily decouple

excitation and sample emission, thus improving both sensitivity

and portability. So far, polarized photoluminescence (PL)

has been reported for inorganic nanowires and nanorods,[6]

and for molecular materials oriented on substrates,[7] whereas

the demonstration of polarized PL for organic 1D nano-
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structures has been limited to individual self-assembled

oligo-(p-phenylenevinylene) fibers.[8] The only technique able

to fabricate polymeric nanofibers at low cost and with high

throughput is electrospinning,[5a,9] which is based on uniaxial

elongation of a fluid polymer jet under intense bias. Alter-

natively, nanofluidic approaches able to meet the simultaneous

demands of precise positioning control and chemical flexibility,

are very desirable. As active media, conjugated polymers are

particularly interesting and have been successfully applied in

displays and in solid-state lasers,[10] since they exhibit

remarkable PL efficiency and optical gain over the whole

visible spectrum and are easily manufactured. However, since

conjugated polymers are generally soluble in nonpolar organic

solvents such as chloroform and toluene, they require specific,

nonswelling-nanofluidic systems. Instead, to date, most nano-

fluidic experiments have been carried out utilizing silicone-

based elastomers such as polydimethylsiloxane (PDMS),[2b,c,4b]]

which are known to dramatically swell in nonpolar solvents.[11]

In this work, we demonstrate solvent-resistant nanofluidics

as a sub-100 nm technology for building light-emitting organic

fibers with precise control of their cross-section and spatial

arrangement onto a substrate. Nanofluidics was carried out

with optimal resistance to all the organic solvents commonly

used for conjugated polymers, to produce optically active

nanofibers with a uniform section around 60 nm. The organic

fibers were optically characterized in order to assess the

preserved functionality of the active polymers after the

lithographic step, and were found to exhibit a PL emission

polarized along their axis with a polarization ratio of about two.

The material used in the nanofluidic templates was

perfluoropolyether (PFPE)-urethane dimethacrylate,[12] which

exhibited good resistance to organic solvents. Although

standard soft-lithography polymers such as PDMS have been

largely applied to micrometer-scale fluidics, andmay offer high

optical transparency and surface conformability, some of

their properties severely limit their potential for nanofluidic

applications. PDMS swells significantly in most oil-soluble

organic compounds,[11] and its surface energy and Young’s

modulus are not suitable for sub-100-nm resolution.[12,13]

Researchers at IBM proposed that a hard PDMS, obtained

fromtrimethylsiloxy-terminatedvinylmethylsiloxane–dimethyl-

siloxane and methylhydrosiloxane–dimethylsiloxane copoly-

mers,[13b] can be used within composite stamps with a

compressionmodulus of up to 9MPa.However, this compound

is also characterized by poor compatibility with many organic
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solvents. De Simone and coworkers recently introduced the

use of photocurable PFPE elastomers having surface energies

down to 14 mN m�1for high-resolution soft lithography.[12]

These materials are able to undergo conformal contact onto

surfaces, permit easy master release, are compatible with

organic-soluble molecules because of the intrinsic oleophobic

nature of highly fluorinated materials, and are able to replicate

sub-100-nm features with high fidelity. We believe that they

can also be widely exploited in the fabrication of chemically

flexible, nanometer-scale fluidic systems.

The general validity of the nanofluidic-lithography approach

for producing organic nanofibers was tested here for three

different conjugated polymers, namely poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV), poly[(9,

9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,10,3}-thiadiazole)]

(F8BT), and poly{(9,9-dioctylfluorenylene-2,7-diyl)-co-[1,4-di-

phenylenevinylene-2-methoxy-5-(2-ethylhexyloxy)-benzene]}

(PFV), emitting in the red–orange, yellow, and green regions of

the visible spectrum, respectively. A droplet (volume �1mL)

of conjugated polymer in toluene or chloroform was deposited

at the edge of opened nanochannels that were then filled by

spontaneous capillarity, leading to the formation of well-

aligned light-emitting polymeric features. Channels with cross-

section R¼ 70 nm were characterized by a Reynolds number

(Re¼ vRr/m where v is the filling velocity, measured to be of

the order of 1 mm s�1 at the entrance of the nanochannels and

of the order of 25mm s�1 during the filling process (Fig. 1), r is

the density, and m is the viscosity of the penetrating polymer

solution) as low as 10�7, indicating strong laminar flow. The

liquid/solid interfacial tension in the channels favors the

spontaneous capillary penetration of the organic solution (an

image of the contact angle of the MEH-PPV solution on PFPE

in presented as the inset of Fig. 1). Solid-state nanofibers were

finally achieved after solvent evaporation and peel-off of the

mold.

The resultant pattern of aligned polymer fibers with

an average cross-section of 66 nm is displayed in Figure 2a,
Figure 1. Covered length (z) versus time (t) for the nanofluidic penetration
by the conjugated-polymer solution. The dotted line is a guide for the eye.
Inset: contact angle image of the employed MEH-PPV solution on a PFPE
surface.
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showing very good pattern fidelity (insets of Fig. 2a) and

definition, indicating that the resolution achieved can be

further increased and depends on the starting master structure.

The size distribution of the achieved nanofibers is well fitted

by a Gaussian curve of width (full width at half maximum,

FWHM) around 20 nm (Fig. 2b). Moreover, the organic fibers

maintain a constant section over their length, following the

profile of the nanofluidic template. A confocal-microscopy

fluorescence image of aligned PFV nanofibers is displayed in

the inset of Figure 3. The light output from the nanofibers is

clear evidence that the conjugated polymers remain active

after the nanofluidic-lithographic process, and that the

mold exhibits a good conformal contact with the substrate,

permitting the formation of spatially separated sub-100-nm

organic fibers. Neither unsought bottom layer nor residual

light-emitting polymer between adjacent nanochannels was

observed in our experiments. In addition, we were able to

obtain isolated light-emitting fibers, or nonwoven meshes of

fibers (Fig. 3).
Figure 2. a) SEM image of aligned organic nanofibers. Insets: cross-
section view of the employed nanofluidic template (top inset) and resulting
aligned-fiber features (bottom inset): feature size and period are about 70
and 200 nm, respectively. b) Size distribution of the produced nanofibers
and its fit to a Gaussian.
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Figure 3. Organic light-emitting nanofibers formed by nanofluidics, with
cross-sections of about 160 nm. Inset: Aligned PFV nanofibers imaged by
confocal microscopy.

Table 1. Emission peak wavelength, lPL, and linewidth (FWHM, DlPL) of
conjugated polymers in spin-cast films and nanofibers.

Spin-cast film Nanofibers

Compound lPL [nm] DlPL [nm] lPL [nm] DlPL [nm]

MEH-PPV 583 103 579 102

F8BT 550 64 541 65

PFV 520 82 516 87

4160
In order to assess the occurrence of changes in spectral

properties in the conjugated molecules with respect to bulk

solid-state samples, we compared the PL spectra of the

nanofibers with those of corresponding spin-cast films (Fig. 4).

The PL spectra did not show remarkable variations in their line

width, whereas some differences could be observed in the PL

peak wavelength, lPL, which blue-shifts by up to 9 nm for the

nanostructures (Table 1). This effect is related to different

packing geometries, induced by the laminar molecular flow

along the nanofluidic template. Indeed, the photophysical

properties of conjugated polymers are remarkably affected by

the molecular chain conformation and by their surrounding

micro/nanoenvironments, often resulting in PL spectral

shifts.[14] The PL-peak wavelength in systems with random
Figure 4. PL spectra of conjugated polymeric films (empty circles) and
nanofluidic nanofibers (superimposed solid lines) for a) PFV, b) F8BT, and
c) MEH-PPV.
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coil conformation of polymer chains decreases with respect to

that in denser samples, resulting in more compact packing and

extended p–p overlap between different conjugated segment-

s.[14a,d,f] Excitation migration towards lower-energy chromo-

phores determines red-shifted, narrower luminescence spectra

instead.[14h,i] Moreover, purely optical size-dependent con-

finement effects are often observable, such as in the case of

thickness-dependent gain-narrowing in polymer films exhibit-

ing amplified spontaneous emission, for which smaller

thickness values induce reduced waveguiding of high-

wavelength spectral components, and hence blue-shift of the

spectra.[15] In our experiments, we found a blue-shift of the

PL-peak wavelength from spin-cast films to nanofibers, which

can be related to the corresponding decrease in thickness of the

light-emitting organic material and to the concomitant

energy-migration suppression.

In some species (see for instance the MEH-PPV and PFV

spectra reported in Fig. 4), we also observed better-defined

spectral vibronic progressions for nanofluidic samples than in

spin-cast films. This last effect suggests that the nanofluidic

filling leads to an enhancement of the molecular order and

alignment in the nanochannels. In fact, since conjugated

polymers emit preferentially along transition dipole moments,

collinear to radiative conjugated segments, and along

molecular chains (deviations within about 208 have been

reported),[16] such flow-induced orientation of molecules

within mutually aligned organic nanofibers can be exploited

to obtain devices with macroscopic optical anisotropy. To

investigate this issue, we analyzed the polarization state of the

nanofiber emission. Figure 5 shows the normalized PL intensity

(I) transmitted through a polarizer as a function of the angle (u)

between the polarizer axis and the grating grooves, and the

corresponding fit to Malus’ law I ¼ I0 cos
2 ðu þ fÞ þ I1, where

I0 and I1 indicate the intensity of the polarized component of

the emission and of the unpolarized background, respectively

and f is a phase angle. For comparison’s sake, we also show the

behavior of the PL emission from a spin-cast film, which is

almost independent of collection angle. Instead, the measured

polarization ratio, R ¼ Ik=I?, between the intensities parallel

(Ik) and perpendicular (I?) to the nanofiber axis is about 2,[17]

confirming that a partial alignment occurs along the channel

direction due to laminar nanofluidic flow, and as a conse-

quence, the transition moments of the molecular-conjugation

segments are also mainly aligned along the fiber axis.

In conclusion, we demonstrate solvent-resistant nanofluidics

as a straightforward, low-cost, and chemically flexible method

for producing organic light-emitting nanofibers. Nanofluidics,
Co. KGaA, Weinheim Adv. Mater. 2008, 20, 4158–4162
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Figure 5. Polarization-dependent PL of uniaxially aligned conjugated-
polymer nanofibers: dependence of the output intensity of film (empty
circles) and of nanofibers (full circles) on the angle (u). For the organic
nanofibers, u is the angle between the polarizer axis and the grating
grooves. The solid line is a fit of the data to Malus’ law.
with its unique fluid-manipulation characteristics, allows one to

place nanofibers in a specific region of a solid substrate with

precision and with highly controlled cross-sections. This

method concomitantly minimizes the broadening of molecular-

chain conformations and favors orientation through the

nanochannels, in a simple way with major advantages over

other methods that require complex alignment procedures.

Light-emitting fibers were successfully fabricated with differ-

ent conjugated polymers, with cross-sections around 60 nm and

polarization ratios of about 2 for the PL emission. These results

open a new perspective for the realization of polarized

light-sources for nanophotonics, sensors, and lab-on-a-chip

devices.
Experimental

Materials: The three different light-emitting conjugated polymers
used were purchased from American Dye Source Inc. (Quebec,
Canada): MEH-PPV, F8BT, and PFV. These light-emitting materials
have their PL emission respectively in the orange (583 nm), yellow
(550 nm), and green (520 nm) regions of the visible spectrum. For all
conjugated polymers, we prepared a toluene solution (0.86% w/v).

PFPE-urethane-methacrylate was kindly provided by Solvay Solexis
(Italy), and the 2-hydroxy-2-methylpropriophenone photoinitiator
(Darocur1 1173), used in the fabrication of PFPE elements, was
obtained from Ciba (Italy). For the cured PFPE surfaces, we estimated
a surface energy ffi15 mN m�1 by water contact-angle measurements.
The organic solvents chloroform and toluene, employed in the
preparation of solutions of conjugated polymers, were purchased by
J. T. Baker (Phillipsburg, NJ).

Fabrication of Master Structures: The master structures, character-
ized by parallel grooves with period¼ 200 nm and feature width of
about 70 nm, were produced by electron-beam lithography using a
Raith150 system. A poly(methyl methacrylate) positive-electronic
resist was spin-cast on a Si (100) n-type substrate, obtaining a thickness
of about 100 nm. The resist was then exposed to an electron beam with
acceleration energy of 5 keV and beam current of 30 pA for a total
Adv. Mater. 2008, 20, 4158–4162 � 2008 WILEY-VCH Verl
exposed area of 1 mm2. The development of the resist was carried
out with a methylisobutylketone (MIBK)/isopropyl alcohol (IPA)
1:3 solution for 1 min. Afterwards, 15 nm of Cr were thermally
evaporated onto the substrate surface. Finally, after the Cr lift-off
carried out in acetone for 30min, the substrate was exposed to Ar and
CF4 plasma for reactive ion etching.

Nanofluidics: The geometry of the master was faithfully replicated
by the PFPE elastomer. The PFPE-prepolymer was obtained bymixing
the PFPE-urethane dimethacrylate with 4% w/w of the photoinitiator.
PFPE molds were produced by spin-coating the prepolymer on the
master (400 rpm for 40 s) and irradiating it with UV light (l �360 nm,
delivered by two 6W lamps for 30 s at a distance of 10 cm from the
sample), under inert nitrogen atmosphere. The PFPE mold, peeled off
from the master, was placed in contact with a Si wafer, in order to have
opened capillaries with lateral dimension of 70 nm, constituted by three
PFPE walls and one Si wall. For nanofluidics, a 1mL droplet of
conjugated-polymer solution was deposited close to the opened
channels, which were filled by spontaneous capillarity. For our channel
geometry, the wettability from the organic solution is different along
the different capillary walls, with liquid-surface contact angles
aPFPE¼ 478� 18 (inset of Fig. 1) and aSi¼ 288� 18, respectively (as
measured using an Optical Video Contact-Angle System CAM-200
KSV). Both contact angle values, aPFPE and aSi, are in agreement with
spontaneously occurring capillary filling. The PFPEmold was removed
after about 12 h, ensuring complete solvent evaporation.

The filling rate of the liquid front during the capillary rise was
observed by optical microscopy through a fast camera (FastCam
APX-RS, Photron). The exact position of the fluid front along the
nanochannels during the entire filling process was determined by an
acquisition rate of 250 frames s�1 using dedicated viewer software. The
system temperature was kept constant at 293 K during nanofluidics.
The nanofluidic filling rates monotonously decrease from an initial
value of about 1mm s�1, at the entrance of nanochannels, down to the
order of 10mm s�1 for a penetration coordinate of 100mm.

Scanning Electron Microscopy (SEM) and Confocal Microscopy
Characterization: SEM investigation was performed using a Raith150
electron-beam system operating with an acceleration voltage of 5 kV
and an aperture size of 30mm. Confocal microscopy was carried out
using an Axio Observer inverted microscope equipped with a
LSM510-23META head (Zeiss), exciting the nanofibers with an Ar
laser (l¼ 488 nm).

Optical Characterization: PL emission spectra from both bare films
and nanofibers were collected by exciting the samples with a diode laser
(Nichia, Japan) emitting at 405 nm with an output power up to 60mW,
and using a fiber-coupled monochromator (iHR320, Jobin Yvon)
equipped with a charge-coupled device detector (Simphony, Jobin
Ivon). All the measurements were carried out at room temperature.
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