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ABSTRACT: Defect-free bicomponent fibers of poly{[N,N′-bis(2-octyl-dodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)}/poly-
(ethyleneoxide) P(NDI2OD-T2)/PEO are fabricated by means of electrospinning
and rinsed with a selective solvent to afford pure P(NDI2OD-T2) while
maintaining a fibrous morphology. The elongation strength applied on the spun jet
by the high electrical field induces a preferential orientation of polymer chains. An
electron mobility analogous to the best obtained with a thin film-based device is
achieved in single fiber transistors, and the results are unaffected by the dielectric
surface treatment.

Solution processed semiconducting nano- and microwires
are of great interest, since they combine unique

dimensionality and functional properties with ease of
fabrication.1 In particular, electrospun fibers of conjugated
polymers have received an increasing attention in the last years,
thanks to the simplicity and versatility of this processing
technique.2,3 Polymers with a conducting behavior, such as
polypyrrole,4−6 polyaniline,7 or poly(ethylenedioxythiophene),8

have been processed by means of electrospinning, and
applications in fields ranging from gas sensors9,10 to electro-
magnetic shielding11,12 have been demonstrated.
Moreover, some examples of electrospun fibers of conjugated

polymers showing a p-type semiconducting behavior have been
reported and tested in transistor devices.13−17 To afford the
demonstration of advanced electronic functionalities, electron
transporting polymeric fibers, the complementary part which
would enable fiber-based robust logic circuits, are required as
well. To date, only n-channel wires produced by self-assembly
have been reported in the literature,18,19 whereas, to the best of
our knowledge, no n-type polymer fiber has been electrospun
yet, mainly due to the limited availability of environmentally
stable and easily processable n-type conjugated polymers.
In this communication we fill this gap by demonstrating

defect-free electrospun microfibers of poly{[N,N′-bis(2-octyl-
dodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-
5,5′-(2,2′-bithiophene)} (P(NDI2OD-T2)20,21), a soluble and
air-stable n-channel polymeric semiconductor, and by success-
fully applying them in single fiber-based field-effect transistors
(FETs). When in the form of a thin film, P(NDI2OD-T2)
shows the highest field-effect electron mobility reported so far
for a polymeric semiconductor, and it is currently the subject of
extensive studies aimed at clarifying its charge transport
properties.22−27 Interestingly, here we clearly evidence a

lower sensitivity of single-fiber transistors to the dielectric/
semiconductor interface chemistry with respect to thin film
devices while showing comparable or better performances.
With respect to traditional polymeric materials, conjugated

polymers are characterized by a more rigid backbone, which
limits the number of entanglements that assist the fibers
formation during electrospinning, preventing the jet breaking
under the elongation strength.28 Accordingly, several strategies
have been proposed,29,30 including coaxial spinning,31,32

polymerization on as-spun fibers surface,5,8,33 or the addition
of a second polymer to the feed solution, which supports the
fibers formation.34−36 A proper choice of the supporting
polymer would then allow its selective rinsing to afford fibers of
the pure conjugated polymer.8,37

Following the last method, poly(ethyleneoxide) (PEO) has
been blended, as supporting polymer, with P(NDI2OD-T2),
with a quantity ranging from 30 to 50% in weight of the total
amount of the two polymers. Processing parameters, namely
solution concentration, applied voltage, and volume flow rate,
have been varied to find the optimal conditions to obtain
continuous, homogeneous P(NDI2OD-T2)/PEO fibers. Sol-
ution concentration (sum of the two polymers) lower than 5 w
% was found to produce only polymer drops. Defect-free and
smooth fibers with a circular-shaped cross section have been
obtained with a concentration in the 5−7 w % range, a flow rate
of 0.1−0.2 mL h−1 and a voltage of 23−30 kV. The variation of
the experimental conditions within these ranges turned out to
affect the deviation in fibers diameter but defects, such as beads
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or porous structures, have never been obtained (see Supporting
Information).
The best results were obtained by electrospinning solutions

with a 5 w % concentration of a 70:30 w/w mixture of
P(NDI2OD-T2)/PEO in chlorobenzene, at an applied voltage
of 23 kV and at a flow rate of 0.1 mL h−1 (Figure 1a). The

average diameter of these fibers is 1.46 μm with a standard
deviation of only 78 nm. The very narrow standard deviation, if
compared with the average diameter, clearly evidences the
homogeneity of the spun fibers and at the same time the
stability of the spinning process. The possibility to control the
fibers diameter distribution within a very limited dispersion is
extremely relevant for applications in electronic devices.
By rinsing the sample with acetonitrile, PEO was selectively

removed. It is noteworthy that fibers still appear continuous
and homogeneous and their surface is slightly striped (Figure
1b). Removal of the supporting polymer is accompanied by the
reduction of the average diameter of the fibers: the above cited
sample undergoes a reduction from 1.46 to 1.18 μm, roughly
consistent with the quantity of PEO in the blend.
The effectiveness of rinsing was confirmed by means of FT-

IR spectroscopy: by analyzing a P(NDI2OD-T2)/PEO fibrous
mat collected on a ZnSe disk (see Supporting Information,
Figure S02), we clearly detect the main characteristic features of
both of the two components, namely, the band around 1100
cm−1, which is related to the C−O−C stretching of PEO, and
bands in the region 1610−1720 cm−1, which are peculiar of the
conjugated polymer. The disappearance of the strong signal at
1100 cm−1 shows the complete PEO removal upon rinsing with
acetonitrile (Figure S03).
Starting from the initial 70:30 w/w, relative concentration of

the two compounds into the blend was varied. The increase in
PEO content in the feed solution was expected to further
improve the fibers formation and to produce thinner fibers
once they are rinsed, with the quantity of P(NDI2OD-T2)
being smaller. We verified that continuous, homogeneous fibers
can still be obtained with a ratio down to 50:50 w/w
(P(NDI2OD-T2)/PEO (Figure 1c); however, by washing
with acetonitrile, the resulting fiber surface was strongly rough
and a partial unraveling occurred (Figure 1d). For this reason,

the ratio 70:30 w/w was taken as the standard for the hereafter
described investigations.
It has been demonstrated that a preferential orientation of

polymer chains along the fiber axis can be triggered by the
significant jet elongation during the electrospinning proc-
ess.38,39 To ascertain this phenomenon in the present study, a
mat of P(NDI2OD-T2) fibers aligned along a preferential
uniaxial direction has been analyzed by polarized infrared
spectroscopy, and a dichroic ratio different than 1 has been
detected for some of the characteristic bands of P(NDI2OD-
T2), namely 1705 and 1665 cm−1. These results likely provide
the first evidence of the preferential orientation of the polymer
chains with respect to the fibers axis (Figure S04). Never-
theless, we were not able to definitively quantify the
phenomenon (i.e. cos2 θ), the direction of the transition
moments of the normal modes of interest being not known.
Additional measurements would be required to go into the
matter.
To test the electrical properties of fibers of P(NDI2OD-T2)

and how the fibrous morphology affects performance in
electronics applications, FETs were fabricated where fibers
constitute the semiconducting layer. These devices were
compared to the correspondent P(NDI2OD-T2) thin-film
based FETs. Here we adopted a bottom gate, bottom contacts
(BGBC) architecture (Figure 2a) with SiO2 as gate dielectric,

which greatly simplifies the fiber-based device fabrication. This
architecture was previously reported not to be optimal for a
thin-film P(NDI2OD-T2) device, although a mobility ∼0.1 cm2

V−1 s−1 could be obtained by functionalizing the interface with
an octadecyltrichlorosilane (OTS) buffer layer.23 We tested
both the fibers and film based FETs with and without OTS
functionalization. A contact angle of 110° was measured for the
OTS treated SiO2 substrates, compared to the ∼50° of a bare
substrate, thus proving the effectiveness of the silanization
process.
In Figure 2c the transfer characteristic curves of P(NDI2OD-

T2)/PEO and P(NDI2OD-T2)-only (upon rinsing with
acetonitrile) single-fiber FETs on bare SiO2 are reported. The
output characteristics are shown in Figure 2d in the case of a
single fiber device on bare SiO2 upon rinsing.

Figure 1. SEM images of P(NDI2OD-T2)/PEO fibers, obtained by
applying a voltage of 23 kV, with a flow rate of 0.1 mL h−1 from a
solution 5 w % in chlorobenzene: the relative content of the two
polymers is equal to (a) 70:30 w/w; (b) 70:30 w/w, upon rinsing with
acetonitrile; (c) 50:50 w/w; and (d) 50:50 w/w, upon rinsing with
acetonitrile.

Figure 2. Schemes of the BGBC single-fiber (a) and thin-film (b)
FETs on bare SiO2; channels 20 μm long and 10000 μm wide gold
source and drain electrodes were employed. (c) Plot of the transfer
curves of a single-fiber device before (dashed line) and after
(continuous line) the removal of the PEO; a drain voltage of 100 V
was applied during the measurements; (d) output curves of a
P(NDI2OD-T2)-only single-fiber transistor after rinsing with
acetonitrile.
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To the best of our knowledge, this is the first report of n-
channel field-effect behavior in a polymeric fiber-based FET.
The field-effect mobility μ has been extracted by conservatively
assuming that the channel width W coincides with the fiber
diameter (see Supporting Information). Single-fiber FETs show
a mobility in the saturation regime in the 0.05−0.09 cm2 V−1

s−1 range, both before and after PEO removal, both with and
without OTS treatment. The measured μ values exactly
correspond to those of the best thin film FETs on OTS we
have realized (μ ≈ 0.07−0.08 cm2 V−1 s−1), and very close to
the best mobility reported in literature on a P(NDI2OD-T2)
thin film, BGBC FET.23 Moreover, single fiber FETs exhibit
ON/OFF current ratio totally comparable to those of the thin
film-based FETs (see Table S02).
Overall, the semiconducting fibers appear to be very little

affected by their surroundings and especially by the chemistry
of the dielectric/semiconductor interface. In fact, as a first
interesting observation, both FETs with and without rinsing
show similar μ, with only a reduced ON/OFF ratio and a shift
of the current onset (details in the Supporting Information)
upon rinsing. Therefore, insulating PEO molecules do not
impede an efficient electron transport throughout the P-
(NDI2OD-T2) phase along the whole fiber’s length, likely due
to phase separation.40−42 This is interesting because in similar
experiences the presence of the supporting polymer has been
found to negatively affect the charge transport mechanism into
the electrospun fibers.13,15

A second intriguing aspect regards the substantial insensi-
tivity of single fiber FETs μ to surface treatment, at variance
with thin-film FETs. The superposition of the transfer
characteristic curves of the single fiber devices and of the
thin-film devices, reported in Figure 3, enables the comparison

of their field-effect behaviors. Currents were normalized to W,
and also in this case, we conservatively assumed that for the
fibers it corresponds with their diameter.
Thin film FET performances are negatively affected by the

bare SiO2 substrate (μ ∼ 5 × 10−4), whereas a strong
improvement is observed when the OTS buffer layer is
employed (μ ∼ 0.07−0.08), consistently with literature

data.21,23 On the contrary, single-fiber FETs did not show
any change in performances induced by modification of the
interface with the dielectric, the fibers on bare SiO2 providing
almost the same currents as the ones measured on OTS. This
might be due to the limited contact area between the fiber and
the dielectric surface (see Supporting Information) and their
limited interaction. It is worth noting that a strong under-
estimation of the mobility values as calculated in this work
would derive from this hypothesis, meaning that the fiber
performances are actually much higher than those here
reported. It should be taken into account that, contrary to
the film formation, the spun jet of P(NDI2OD-T2) solidifies
into a fiber before getting into contact with the dielectric
surface. The fiber surface is therefore formed independently of
the particular dielectric, providing another possible factor for
the observed fiber FETs insensitivity to the semiconductor/
interface chemistry. This represents a relevant advantage as it
shows that these semiconducting fibers have a potential for easy
integration in a variety of applications.
In conclusion, P(NDI2OD-T2) has been successfully

electrospun providing homogeneous defect-free fibers with a
preferential orientation of P(NDI2OD-T2) polymer chains
along the fiber axis. The fibers performance on a BCBG FET
device is the same or even better than that of an analogous
device based on a thin film of P(NDI2OD-T2) and is
characterized by an interesting insensitivity to the nature of
the interface with the dielectric. Besides providing indications
on the parameters affecting charge transport mechanism in a
high-mobility n-type polymer, our results are important for the
further development of advanced electronics applications in
smart textiles.

■ EXPERIMENTAL METHODS
PEO (Mw = 4000000, Sigma-Aldrich) and P(NDI2OD-T2) (Polyera
ActivInk N2200, Mw = 100000−150000) were dissolved in
chlorobenzene (Sigma-Aldrich) before being transferred to the
electrospinning setup (KDS Scientific infusion pump, Spellman high
voltage power supply). Field emission SEM Zeiss SUPRA 40 was used
for scanning electron microscopy, Thermo Nicolet Nexus for FT-IR
spectroscopy. The base FET structures (n-doped silicon gate, 230 nm
thick SiO2 gate dielectric, and 30 nm thick source and drain Au
electrodes, with 10 nm thick high work function ITO adhesion layer)
were purchased from Fraunhofer IPMS. OFETs electrical measure-
ments were performed under nitrogen atmosphere by employing a
probe station connected to an Agilent B1500.

■ ASSOCIATED CONTENT

*S Supporting Information
Experimental methods, additional data about the electro-
spinning parameters and the electrical characterization of single
fiber-based transistors and infrared spectra are reported. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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Figure 3. Transfer curves of single fiber (continuous lines) and thin
film (dashed lines) P(NDI2OD-T2) FETs; the characteristics of
devices on both bare SiO2 (black lines) and OTS treated dielectric
layers (red lines) are reported; a drain voltage of 100 V was applied
during all the measurements; in the plot, drain current values are
normalized to the channel width, which in the case of the fiber was
conservatively assumed to be equal to its diameter.
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