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ABSTRACT: High dark electrical conductivity was obtained
for a p-type organic nanofibril material simply through a one-
step surface doping. The nanofibril composite thus fabricated
has been proven robust under ambient conditions. The high
conductivity, combined with the intrinsic large surface area of
the nanofibers, enables development of chemiresistor sensors
for trace vapor detection of amines, with detection limit down
to sub-parts per billion range.
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■ INTRODUCTION

Organic semiconductor nanomaterials have gained increasing
research interest due to their broad applications in photo-
detectors,1−5 sensors,6−8 and photovoltaics.9−11 These materi-
als are superior to their inorganic counterparts regarding
synthetic variability, low temperature, and solution processing
ability, and the feasibility of fabrication into lightweight, flexible,
and low-cost devices.12−14 However, most organic materials
suffer from their intrinsically low charge carrier density and
mobility. Current work to improve conductivity has involved
blending electron donor (D) and acceptor (A) molecules into
bulk phase heterojunctions, as evidenced in organic photo-
voltaics. In general, these D−A systems provide efficient
photoinduced charge separation, although further charge
transport is often limited by the intermolecular arrangement
disordering and/or mesoscopic grain boundaries.4,15

Recently, we have developed a simple approach to fabricate
nanofibril D−A heterojunctions, wherein the A molecules were
assembled through π−π stacking interaction into nanofibers,
and the D component was coated on the nanofiber surface via
drop-casting.16 The strong hydrophobic interdigitation between
the side chains of D and A produces an interface that is optimal
for photoinduced charge separation. Moreover, the intermo-
lecular π−π stacking along the long axis of nanofiber facilitates
the long-range charge transport through π-delocalization.17−22

This continuous charge transport pathway, in combination with
the wide D−A interfacial contact intrinsic to the nanofibril
structure, makes nanofibril heterojunctions an ideal approach to
highly photoconductive organic materials. However, it still
remains challenging to achieve high dark conductivity for
organic nanomaterials using this simple coating methodology.

In this work, we report on a new nanofibril heterojunction
structure that composes of nanofibers (assembled from a D
molecule) coated with a monolayer of A molecule. As shown in
Scheme 1, D is a decyl substituted carbazole-cornered, arylene-
ethynylene tetracyclic π-conjugated molecule (DTC), and A is
(tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (FTS),
which has proven to be effective to form a well-defined
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Scheme 1. Molecular Structures of DTC, TDTC, FTS, and
OTS
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monolayer on an organic material substrate under ambient
conditions.23,24 Remarkably, due to the strong redox (charge
transfer) interaction between DTC and FTS, the nanofibril
junction thus fabricated demonstrated high conductivity even
without light illumination. The high dark conductivity makes
this material suitable for applications in chemiresistor sensors
for detection of volatile organic compounds (VOCs),
particularly amines.

■ EXPERIMENTAL SECTION
Materials. All solvents and reagents were purchased from

Sigma-Aldrich and used without purification. Synthesis and
purification of DTC and TDTC macrocyclic molecules
followed previously published methods and procedures.25,26

Fabrication of Nanofibers and Devices. Fabrication of
nanofibers: 0.5 mL of 15 μM chloroform solution of DTC was
injected rapidly into 5 mL of ethanol in a test tube. Nanofibers
were produced immediately through precipitation driven self-
assembly. The suspension was then aged in the refrigerator for
24 h to achieve more uniform nanofibers. The nanofibers thus
generated can be transferred onto the surface by drop-casting
method. Typically, after removing the excess solvent in the
nanofiber suspension, 0.2 mL of such suspension was drop-
casted onto a 5 mm × 5 mm glass substrate, followed by fast
solvent evaporation in fume hood under ambient condition.
The glass slide was first cleaned in acetone and isopropanol for
3 min each in an ultrasonic bath, and then cleaned with a
piranha solution (70 vol % H2SO4:30 vol % 30% H2O2) for 20
min, followed by rinsing with deionized water and drying in air
flow. The glass supported nanofibers thus made are suited for
microscopy, optical and contact angle measurements.
Preparation of thin-film of TDTC: 0.5 mL of 15 μM

chloroform solution of TDTC was drop-cast onto a 5 mm × 5
mm silicon wafer covered with 300 nm thick SiO2, followed by
fast solvent evaporation in fume hood.
Surface coating of FTS was performed using a vapor

deposition procedure (see Figure S1 in the Supporting
Information) that was previously developed by others.23 Briefly,
the nanofibers predeposited on a substrate was placed in a
vacuum chamber (volume ∼25 cm3); a small container
(volume ∼5 cm3) with a few drops of FTS placed in a
different chamber separate from the vacuum chamber by a
three-way valve that was connected with a membrane pump
(BUCHI V500P). The vacuum chamber was evacuated first to
reach the maximal vacuum level. Then, the FTS chamber was
connected to the vacuum chamber through the three-way valve,
to start the vapor diffusion of FTS. The vapor deposition
process was completed in about 5 h.
Single pair electrodes were fabricated on a highly doped p-

type silicon wafer covered with 300-nm-thick thermal oxide
film. Using the traditional photolithography and lift-off
approach, 30 nm thick Au/Cr electrode pairs were patterned
on the wafer with a gap of 5 μm in width and 10 μm in length.
Onto the electrode-pair thus fabricated the nanofibers can be
deposited by drop-casting, the same procedure as described
above for the deposition on glass substrate. This small volume
drop-casting method produced devices that demonstrated quite
good reproducibility, i.e., only slight variation in electrical
current was observed between the different batches of devices
(see Figure S9 in the Supporting Information).
Materials Characterization. Contact angle measurement

was performed with a Dataphysics OCA15EC instrument. A
water droplet with a volume between 1 and 3 μL was placed on

the sample surface, followed by immediate image capturing to
measure the static contact angle. Atomic force microscopy
(AFM) measurements were carried out on SiO2 substrates,
which were cleaned with acetone.
The electrical conductivity (chemiresistor) properties of

nanofibers were characterized under ambient conditions using a
Signatone S-1160 Probe Station combined with an Agilent
4156C Precision Semiconductor Parameter Analyzer. The
probe station was equipped with a Motic Microscope for
positioning and a CCD camera for in situ imaging of the device.
The current−time (I−V) curves were measured with a bias
voltage of 30 V between the electrodes. The sensor testing
experiments were conducted by injecting 5 mL of vapor
containing different concentrations of amine over the nano-
fibers. Diluted aniline vapor was obtained by mixing
concentrated vapor with appropriate volume of clean air in a
sealed container. The concentration of the diluted vapor was
determined by the volume ratio of the concentrated vapor and
air. Within the experimental vapor pressure range this dilution
method was proven effective for adjusting the aniline
concentration.27

■ RESULTS AND DISCUSSION
To achieve uniform coating of FTS molecules onto the
nanofibril surface, we used a vapor deposition method (see
Figure S1 in the Supporting Information) that was previously
developed by others and successfully employed for coating a
monolayer of FTS onto molecular crystals and polymer surfaces
through cross-linking of the siloxanes.23,24 This vapor transfer
approach is particularly suited for surface coating of nanofibril
networks, wherein a large number of nanofibers are intertwined
and the interstices formed are hard to reach for solvent
(because of surface tension), i.e., difficult to coat through drop
casting. Moreover, the solvent-free processing avoids potential
damage to the nanofiber (e.g., distortion of the intermolecular
arrangement), which often occurs when exposed certain
organic solvents.
In this study, we fabricated nanofibers from the DTC

molecules (Scheme 1) according to the previously developed
method.17 Because of its strong electron donating property,
DTC forms p-type semiconductor as previously evidenced in
our lab.27 Surface doping of DTC nanofibers with electron
withdrawing species is expected to enhance the electrical
conductivity. Remarkably, the highest occupied molecular
orbital (HOMO) of DTC (−4.8 eV) is almost the same as
that of rubrene (−4.9 eV) (see Figure S7 in the Supporting
Information). This implies that FTS should act as an effective
p-type doping for DTC, as it did for rubrene.23 The doped
charge carrier (here the hole) will transport along the long axis
of nanofiber through the intermolecular charge delocalization
that is enabled by the stacking interaction.17−22 This
combination of effective surface doping and one-dimensional
enhanced charge transport would result in significant increase
in electrical conductivity. Indeed, as shown in Figure 1, a more
than thousand-fold increase in magnitude was obtained for
DTC nanofibers upon surface coating with a FTS thin layer.
To confirm the observed conductivity increase is due to the

p-type doping of FTS, we performed the same experiment with
DTC nanofibers but with coating of a unfluorinated silane, n-
octadecyltrichlorosilane (OTS, Scheme 1), which possesses
much lower electron affinity than the fluorinated silane. As
expected, the electrical conductivity remained almost un-
changed upon coating of OTS (Figure 1 and Figure S9 in
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the Supporting Information) due to the lack of charge transfer
interaction between DTC and OTS. As discussed above, the
effective charge transport pathway along the nanofiber also
plays a critical role in the conductivity enhancement. To further
prove this role, we fabricated a thin film by drop casting a 15
μM chloroform solution of TDTC (Scheme 1), an analogue of
DTC but with longer alkyl side chains. Although the electron
donating capability (HOMO level) remains almost the same for
the central tetracycle core, the longer side chains of TDTC are
not favorable for columnar π−π stacking under conditions of
fast evaporation, thus leading to the formation of film structure
that lacks extended intermolecular π-stacking, i.e., a nanofibril
morphology. Investigation of this thin film under the same FTS
coating showed only a few-fold increase in electrical
conductivity (see Figure S8 in the Supporting Information).
The observed low conductivity is consistent with the poor
charge transport within the film material. Similar observation
was previously obtained on the photoconductivity of TDTC
film upon exposure to oxygen under UV irradiation, for which
only slight enhancement of photocurrent was obtained.27 In
contrast, the nanofibers of TDTC (fabricated through solution-
based self-assembly) demonstrated 3 orders of magnitude
increase in photocurrent under the same measurement
conditions.
To further characterize the surface morphology of the DTC

nanofibers before and after FTS coating, atomic force
microscopy (AFM) was used to image the nanofibril network
deposited on the SiO2 substrate (Figure 2). Both the size and
morphology of the nanofibers are consistent with the electronic
microscopy imaging performed previously on the same
nanofibers.28 Vapor deposition of the FTS monolayer did not
cause any morphology change of the nanofibril structure,
indicating that the surface modification is noninvasive to the
intermolecular arrangement within the nanofibers. As clearly
shown in Figure 2d, the vapor transfer of FTS allowed for
interstitial diffusion throughout the nanofibril network and
surface deposition onto the bare SiO2 substrate. Separate
investigations proved the effective surface deposition of FTS
onto SiO2 substrate (see the Supporting Information). Such full
surface coverage of FTS (on both nanofibers and SiO2 substrate
in between) turned the whole sample surface highly hydro-
phobic, with a contact angle as large as 136° (see Figure S5 in
the Supporting Information). A highly hydrophobic surface
prevents the condensation of humidity, thus helping increasing

the robustness of the nanofibril materials. Previously, water was
found to be detrimental to the electrical conductivity of
conducting polymers modified with FTS, causing more than
50% decrease in conductivity when exposed to saturated water
vapor.24 In contrast, the FTS modified DTC nanofibers are
sustainable even under saturated water vapor (23 000 ppm) at
room temperature (see Figure S11 in the Supporting
Information). This water resistance is conducive to develop-
ment of the nanofibers into ambient sensors.
When deposited on a substrate, the nanofibers form an

intertwined network, possessing porosity on a number of length
scales depending on the density of nanofibers. The meshlike
porosity not only provides increased surface area for enhanced
analyte adsorption, but also expedites the diffusion of guest
molecules across the film matrix, leading to efficient air
sampling of VOCs.17 Because the surface modification of FTS
does not change the global morphology of DTC nanofibers, we
expected that the FTS modified DTC nanofibers still possess
the large porosity and wide interface as the bare nanofibers,
which were previously proven efficient for trace vapor sensing
of explosives through fluorescence quenching.28,29 The high
dark conductivity obtained here for the FTS modified DTC
nanofibers would ease the use of these nanofibers directly as
chemiresistor sensors, for which the high electrical current is
conducive to the enhancement of signal-to-noise ratio.
Compared to fluorescence sensors, which demand installation
and alignment of both excitation light source and photon
detector, chemiresistor sensor simply relies on electrical current
modulation that can be performed with a micrometer-size
electrode pair, thereby facilitating miniaturization of the whole
sensor system. Unfortunately, most of the organic nanofiber
chemiresistor sensors reported thus far still suffer from the low
current, which causes hard to control fluctuation under ambient
conditions due to the effect of oxygen.6,27

Figure 3 shows the electrical current measured over the FTS
modified DTC nanofibers in response to the diluted vapor of
aniline. Aniline, with saturated vapor pressure of 880 ppm
under ambient conditions, represents one of the common
organic amines that have been widely used in various industries.

Figure 1. Current−Voltage (I−V) curve for bare, OTS-, and FTS-
coated DTC nanofibers. Nanofibers were deposited on a gold
electrode pair with a gap of 5 μm and width of 10 μm.

Figure 2. AFM images of DTC fibers (a, c) before and (b, d) after
FTS coating. The scale bars are (a, b) 500 nm and (c, d) 200 nm,
respectively.
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Successive exposure to 80 ppb aniline vapor resulted in
significant decrease in current. By measuring the current
decrease under varying vapor concentrations of aniline and
fitting the data with Langmuir adsorption model, we can project
the detection limit for aniline vapor down to 0.38 ppb (see the
Supporting Information), for which we set the detectable
current change as three times the standard deviation of the
current measurement (1 nA) under our experimental condition.
This detection limit is about 6 orders of magnitude lower than
the saturated vapor of aniline. Such high sensitivity of VOC
detection is quite rare for chemiresistor based sensors. The high
sensing sensitivity obtained for FTS modified DTC nanofibers
is largely due to the three-dimensional mesh network of formed
by the nanofibers in combination with the strong interfacial
interaction between aniline and the nanofiber. While the former
enhances the vapor sampling, the latter produces effective
charge depletion from the nanofiber. The strong surface
adsorption of aniline is also consistent with the fast sensor
response as observed, i.e., as shown in Figure 3 and Figures S6
and S10 in the Supporting Information, the current decreases in
the time scale of 2.8 s upon exposure to aniline vapor.
Though the detailed chemistry of the surface adsorption of

aniline is not completely clear, it is most likely that aniline binds
directly with FTS through charge transfer interaction,
considering the strong electron donating capability of aniline,
with HOMO of −5.6 eV.30 The binding of aniline thereby
decreases the electron affinity of FTS, which in turn weakens
the charge separation with DTC. The overall result is that
binding of aniline depletes the charge carriers (holes) of DTC
nanofiber. The strong binding of aniline within the nanofibril
network is also consistent with the fact that no sensor recovery
was observed after removal of aniline vapor. Moreover, the
nanofibril composite sensor also demonstrates high selectivity
for amines, by giving no response to other common organic
solvents and reagents as shown in Figure S6 in the Supporting
Information. The same FTS modified DTC nanofibers were
also tested for vapor sensing against other organic amines (see
Table S1 in the Supporting Information) following the same
procedure as employed in Figure 3. Similar to the response to
aniline, the nanofibers demonstrated significant conductivity
modulation upon exposure to the diluted vapor of both
aliphatic and aromatic amines (see Table S1 in the Supporting

Information), indicating that the reported nanofiber composite
functions as a general amine sensor, in the similar manner as
the inorganic n-type semiconductor chemiresistors.

■ CONCLUSION
High dark electrical conductivity was obtained for a p-type
organic nanofibril material simply through a one-step surface
coating (doping) of electron withdrawing molecules. The
nanofibril composite thus fabricated has been proven robust
under ambient conditions. The high conductivity, combined
with the intrinsic large surface area of nanofibers, enables the
development of chemiresistor sensors for trace vapor detection
of amines, with detection limits down to sub-parts per billion
range. The reported work represents a simple approach to the
fabrication of highly conductive nanofibril materials, which may
find broad application in sensors and other electronic systems.
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